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Abbreviations
The following abbreviations have been used in this 
the sis :
dTMP thymine 2 »-deoxyribonucleoside-5 f-
phos pha te
dUMP uraci 1 2 1 -deoxyribonucleoside-51 —
phosphate
dCMP cytosine 2 *-deoxyribonucleoside-5*-
phosphate
ATP adenosine-5’-triphosphate
DFN diphosphopyridine nucleotide
TPN triphosphopyridine nucleotide
DPNH reduced diphosphopyridine nucleotide
TPNH reduced triphosphopyridine nucleotide
FMN flavin mononucleotide
FAD flavin adenine dinucleotide
folic acid pteroylglutamic acid
folate-II^ dihydropteroylglutamic acid
fo la te-H^ 5,6,7» 8-tetra.hydropteroy3.glutamic acid
aniinopterin 4-amino-4-deoxypteroylglutamic acid
EDTA ethylenediaminetetraacetate
hy amine N-p-(di-isobutyl-cresoxyftthoxyethyl)-
N-dimethyl, N-benzylammonium hydroxide
p C M B A p-chloromercuribenzoic acid
triethylaminoethyl celluloseTEAE cellulose
CoA co en zym e  A
amine d i  o l 2 - a m in o - 2 - m e th y 1 - 1 , 3 - p r o p a n e d io l
STUDIES ON TBTRAHYDR OFO LATE IN THE METABOLISM
OF STREPTOCOCCUS FAECALIS R 
INTRODUCTION
Folic acid is concerned in many metabolic reactions 
in animals, plants and micro-organisms and over a period 
of years a considerable literature has accumulated on 
this subject* Within the scope of this thesis it is 
impossible to review adequately this literature and, 
since the experimental work reported in this thesis 
concerns the role of folic acid in the metabolism of 
Streptococcus faecalis R, this introduction is confined 
to a review of the part played by folic acid derivatives 
in bacterial metabolism.
One of the earliest approaches to this subject was 
a study of the nutritional effects of folic acid both in 
animals and in bacteria. It was found that folic acid 
can replace thymine, serine, methionine and the purines 
as essential growth factors for certain bacterial species 
(Woods, 1953), Since only relatively minute amounts of 
folic acid are required to replace the other compounds 
and since the latter are chemically unrelated to folic 
acid, it was suggested that folic acid functions as a 
coenzyme in the synthesis of the other growth factors, A 
specific role for folic acid was first suggested by Shive
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Ackermann, Gordon, Getzendaner and Eakin (1947)» who 
postulated that folic acid functions in purine biosynthesis 
in a reaction concerned with the incorporation of carbon 2 
into the purine structure. Since this suggestion was made 
the many studies of folic acid metabolism in bacteria and 
in animal tissues have supported and extended this 
hypothesis and it is now established that folic acid 
derivatives act as coenzymes of one carbon transfer 
reactions in the synthesis and breakdown of a number of 
metabolites.
Studies with purified enzyme systems of both 
bacteria and animal tissues revealed that it is not folic 
acid itself but a reduced form, tetrahydrofolic acid and 
its derivatives, which are active as coenzymes. The 
function of tetrahydrofolic acid appears to be the 
formation of certain metabolically active derivatives 
by combination with "one carbon fragments",
It is intended to discuss the formation of these 
derivatives, their interconversion and their role in 
biochemical reactions in bacterial metabolism*
Properties of folic acid derivatives
Before discussing the enzymic aspects of tetrahydro- 
folic acid metabolism, it is desirable to summarize some 
of the chemical properties of folic acid, tetrahydrofolic 
acid and the derivatives of tetrahydrofolic acid.
3Folic acid.
The structure of folic acid is shown in Fig. 1.1. 
The molecule may be considered as a theoretical 
condensation product of 2-amino-4-hydroxy-6~methyl 
pteridine, p-aminobenzoic acid and L-glutamic acid.
Fig. I . l .  Structure of folic acid.
Folic acid and i ts  derivatives show characteristic 
u ltraviolet absorption spectra, a property which has been 
useful in the identification and assay of these compounds.
Folic acid can be chemically reduced to dihydrofolic 
acid or tetrahydrofolic acid, depending on the conditions 
of hydrogenation (0*Dell, Vandenbelt, Bloom and Pfiffner,
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1947)» or on the nature of the reducing agent (Futterman, 
1957» Friedkin, 1959)* it is assumed that the pyrazine 
ring rather than the pyrimidine ring becomes reduced 
since the pyrimidine ring is more resistant to catalytic 
hydrogenation (Pohland, Flynn, Jones and Shive, 1951)»
On exposure of dihydrofolate or tetrahydrofolate solutions 
to air, oxidation takes place with some formation of folic 
acid but with degradation of a considerable proportion of 
the hydro folate, as indicated by the release of p-amino- 
benzoylglutamic acid and fluorescent compounds (Blakley, 
1957aj Silverman, Keresztesy, Koval and Gardiner, 1957)* 
Chelating and reducing agents both afford some protection 
against oxidative decomposition. 2,3-Dimercaptopropanol, 
which combines both these functions, is found to be the 
most effective (Blakley, 1960a).
Dihydrofolic acid ( folate-H^ ) •
Folate-H9 is formed by the addition of one mole of 
hydrogen to the pyrazine ring of folic acid. The positions 
of the two hydrogen atoms on this ring are not known with 
certainty. However, hydrogenation in the 5,6 or 6,7 
positions would produce an asymmetric centre at position 6 
and therefore result in the formation of two diastereo- 
isomers. Since folate-II^ is completely reduced 
enzymically to one isomer of tetrahydrofolate (Blakley, 
1960b), it has been concluded that folate-H9 is probably
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one isomer and that it is therefore either 5 * 8- or 
7,8-dihydrofolate• By analogy with the catalytic 
hydrogenation reactions of other pteridines, it seems 
likely that it is the 7 »8 positions of folate-H^ which 
are hydrogenated (O’Dell et al*, 1947)* Thus, leucopterin 
(2-amino-4,6,7-*trihydroxy pteridine ) and isoxanthopterin 
(2-amino-4,7-hihydroxy pteridine) are not catalytically 
hydrogenated in dilute alkali showing that the enolic 
double bonds and the 5*6 double bond in the pteridine ring 
are stable to reduction. Xanthopterin (2-amino-4,6- 
dihydroxy pteridine) readily adds one mole of hydrogen 
indicating that the 7*8 bond is readily reduced. It is 
probable, therefore, that the 7*8 bond in folic acid would 
also be easily reduced by catalytic hydrogenation. A 
further fact to be considered in this regard is that 
5-substituted tetrahydrofolate is stable to oxidation in 
neutral and mildly alkaline solutions (Roth, Ilultquist, 
Fahrenbach, Cosulich, Broquist, Brockman, Smith, Parker, 
Stokstad and Jukes, 1952; Rabinowitz, i960). Hence, the 
5,6 bond is probably the more labile and the 7*8 bond the 
first one hydrogenated.
Folate—lb, can be synthesised from folic acid by 
catalytic hydrogenation in alkaline solution in the 
presence of palladium (O’Dell et al., 1947)* However, 
further hydrogenation results in the formation of
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tetrahydrofolate (Blakley, 1957a) and even when the 
preparation is carefully controlled, the folate-H0 
produced is still contaminated with traces of tetrahydro- 
folic acid (Blakley, 1959)* Folate-H0 free from 
contaminating tetrahydrofolate can be produced by reduction 
of folic acid with dithionite (Blakley, 1959) and 
furthermore, it can be obtained crystalline by a 
modification of this method (Blakley, 1960c)*
With the exception of the enzymic reduction of 
folate-11^ to folate-H^ (Osborn and Huennekens, 195&), 
folate-Ii0 does not appear to participate in enzymic 
reactions.
Tetrahydrofolic acid (folate-H^).
In folate-H^ (Fig. 1.2) it is presumed that it is 
the 5 »6,7 and 8 positions of the pyrazine ring of the 
pteridine moiety which are reduced (Pohland, et al., 1951)* 
The addition of hydrogen to the carbon atom at position 6 
produces a new asymmetric centre in addition to that in 
the glutamate moiety. Hence, chemically prepared folate— 
is a mixture of two diasteroisomers• Only one isomer, 
however, appears to be active in biological systems and 
only this isomer is formed by enzymic reduction of 
folate-H^ (Blakley, 1960b), The two isomers have not been 
separated chemically. However, the l(L)-isomer is formed 
enzymically by dihydro folic reductase (Mathews and
7 .
Huennekens, i 9 6 0 ).
Fig. 1.2. Structure of folate—Hj
Folate-H^ can be formed, by the reduction of folic 
acid by several methods: catalytic hydrogenation in
glacial acetic acid (O’Dell et a l . v 19^ -7)» in $ 8 fo  formic 
acid (May, Bardos, Barger, Lansford, Ravel, Sutherland 
and Shive, 1951; Blakley, 1957a), in neutral solution 
(May et a l . ,  1951» Blakley, 1957a) or by reaction with 
borohydride (Friedkin, 1959)« Hydrogenation in glacial 
acetic acid is rather slow because of the limited 
solubility of folic acid under acid conditions (Blakley, 
1957a). Hydrogenation in 9 8 /0  formic acid suffers from the
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disadvantage that considerable formylation of folic acid 
occurs since folic acid is formylated at room temperature 
(Blakley, 1959)* Reduction of folic acid to folate-H^ by 
borohydride was used by Friedkin (1959) but no details of 
this method have been published, A convenient method for 
the preparation of folate-H^ from folic acid is catalytic 
hydrogenation in neutral solutions. Folic acid has high 
solubility at neutral pH and the reaction is quite rapid. 
In 1954, it was found that folate-H^ acted as a 
coenzyme in the interconversion of glycine and serine by 
extracts of pigeon liver (Blakley, 1954; Kisliuk and 
Sakami, 1954): this was the first demonstration that it
is the reduced rather than the oxidised derivatives of 
folic acid which are active in enzyme systems.
Although folate-H^ is a large and complex molecule 
Avith several possible reactive centres, it appears that 
it is the two nitrogen atoms at positions 5 and 10 which 
are the active portions of the molecule capable of 
combining with the formyl group, formaldehyde and the 
formimino group in enzymic or non-enzymic reactions. It 
may be that the remaining portion of the molecule is 
concerned with binding to the enzyme surface, with 
enzymic specificity and with orientating these nitrogen 
atoms with respect to one another.
The hydroxymethyl, formyl and formimino derivatives
9of folate-H^ are described in the following sections, 
5-Formyl--folate-H^ (leucovorin, citrovoruin factor, 
folinic acid SF).
The isolation of a bacterial growth factor from 
liver (Säuberlich and Baumann, 1948; Keresztesy and 
Silverman, 1951) and its identification as 5-formyl- 
folate-H^ (Pohland et al,, 1951) were the first 
indications of the occurrence of redxiced forms of folate 
in nature, and also one of the first clues to the metabolic 
significance of folate compounds. Since 5~formyl-folate-H^ 
is a growth factor for Leuconos to c citrovorum which does 
not respond to the oxidised forms of the folic acid group, 
the active isomer of 5-formyl-folate-H^ is often referred 
to as the citrovorum factor, L, citrovoruin has since 
been reclassified as Pediococcus cerevisiae (Felton and 
Niven, 1953)*
5-Formyl-folate-H^ has been synthesized chemically 
(Shive, Bardos, Bond and Rogers, 1950; Roth et al., 1952) 
and has an asymmetric centre at position 6 of the 
pteridine moiety. The synthetic product, leucovorin, is 
a mixture of two diastereoisomers and has only half the 
growth factor activity of the citrovorum factor for 
P, cerevisiae t indicating that only one isomer is active 
in biological systems. By comparison with the resolved 
synthetic diastereoisomers the natural material was shown
10.
to be the l(L)-isomer (Cosulich, Smith and Broquist, 1952).
Fig* 1*3« Structure of* 5-f'onnyl-folate-H^
5-Formyl-folate-H^, unlike folate-H^, is quite 
stable to oxidation by oxygen in neutral, and mildly 
alkaline solutions (Roth et al • , 1952). It is also 
quite stable to alkaline conditions, being unchanged 
after heating at 90° for 6 hours in 0.1 N sodium 
hydroxide (Pohland et al., 1951)» in contrast to 
10-formyl-folate from which the formyl group is lost by 
hydrolysis in 0.1 N sodium hydroxide at room temperature 
(Volf, Anderson, Kaczka, Harris, Arth, Southwick,
Mozingo and Folkers, 1947).
H
C00H
CO 0 H
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It lias been fcmnd that with one exception 
(Silverman et al., 1957) 5“formyl—folate-H^ is not itself 
active in enzyme systems, but rather is converted 
enzymically to an active form.
10-Formyl-folate-H^♦
The 10-forinyl derivative has been obtained by 
catalytic hydrogenation of 10-formyl-folate (May et al., 
1951; Pohland et al., 1951)• The structure is shown in 
Fig. 1.4.
H C O O H
C-NH-9HC Hr*N
OH H C O O H
0
Fig. 1.4. Structure of 10-formyl-folate-H^
In this compound the nitrogen atoms of the reduced 
pyrazine ring are not substituted and the product is 
found to be very unstable in the presence of oxygen
12
forming mainly 10-formyl-folate.
5 110-Methenyl-f olate-H,.
Under acid conditions both 5-f‘ormyl- f o l a t e a n d  
10-formyl-folate-H^ readily lose a molecule of water, 
forming an imidazolium ring structure shown in Fig, 1*5 
(May et al•, 1951)•
OH C H - N 9
CO 0 H I
C-NH-f H
C O O H
Fig, 1.5* Structure of 5 $ iO-inethenyl-folate-H^
The reaction occurs more rapidly with 10-formyl-folate-H^ 
and is often used as an assay for this derivative since 
the 5,10-methenyl-folate-H^ produced has a characteristic 
absorption maximum at 356 mh (Kay, Osborn, Hatefi and 
Hue nnek ens, i960).
At pH 5 and higher hydrolysis of the imidazolium
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ring occurs (Kay et al» , i960). From thermodynamic data 
it lias been calculated that at equilibrium the 5“f'o*'myl 
derivative is the predominant species, but the rate of
that of 10-formyl-folate-Hj( that 10-formyl-folate-H^ is 
the only product of hydrolysis formed in significant 
amounts (Kay et al•, i960). The equilibrium of the 
hydrolysis reaction favours increasing amounts of formyl 
compounds as the pH is increased (Kay et al•, 1960).
The rate of hydrolysis increases with the pH and depends 
on the ionic species present, being faster in phosphate, 
imidazole and pyrophosphate buffers than in maleate 
buffer (Hartman and Buchanan, 1959a; Tabor and Wyngarden,
1959).
5»10-Methylene-folate-H^ •
5,10—Methylene-folate-H^ (Fig. 1.6) is formed by the 
enzymic transfer of the hydroxymethyl group of serine to 
folate-H^ and by the non-enzymic combination of formaldehyde 
with folate-H^ followed by the loss of a molecule of water 
(Blakley, 1958).
Folate-H;^ + L-serine «.. ■* 5»10-methylene-folate-H^ +
formation of 5-formyl-folate-11^  is so much slower than
glycine + H^O (1)
Folate-H. + HCHO — 5f10-methylene-folate—Hj +
(2)
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5*10-Methylene-folate-H^ is also formed by the reduction 
of 5,10-methenyl-folate-Hjj with borohydride (Osborn, 
Talbert and Huennekens, i960).
Fig. 1.6. Structure of 5»10-methylene-folate-H^
In an attempt to determine the structure of the 
compound formed by combination of folate-H^ and 
formaldehyde, the binding of formaldehyde by folate-H^ 
and certain folate-H^ derivatives was investigated 
spectrophotometrically (Blakley, 1960a). Addition of 
formaldehyde to folate— (in the presence of 2,3-<iimer- 
captopropanol to prevent oxidative decomposition) causes 
a reversible spectrum change which consists of a slight
15
shift in \ and an increase in the molecular extinction, max
The equilibrium constant for the reaction of formaldehyde 
with folate-II^ (reaction 2) is 32,000 and for the 
corresponding reactions with 10-formyl-folate-H^ and 
5-formyl-folate-H^ the equilibrium constants are 62 
(Blakley, 1960a) and 3 (Blakley, 1959)» respectively.
From these values it is evident that the reaction proceeds 
much further at equilibrium when both positions 5 and 10 
of the folate-H^ are unsubstituted and therefore it was 
concluded that 5»10-methylene-folate-H,^ is the product 
of the reaction between folate-II^ and formaldehyde. Since 
the equilibrium constant for the reaction with the 
10-formyl derivative is higher than that for 5-formyl- 
folate-H^, a two-step reaction between formaldehyde and 
folate-IT^ was postulated (Blakley, 1958).
HCH0 -H20
Folate-H^ «. 5-,hydroxyme thy 1-folate-H^ ” "" -I
5,10-me thylene-f olate-H,^
(3)
The finding that the product of reaction (2) is 
converted by a specific TPN-linked dehydrogenase to
5.10- methenyl-folate-Hj{ and not to 10-f ormyl-folate-H^ 
(Osborn and Huennekens, 1957) supports the view that
5.10- methylene-folate-lI^ is the main product of the 
combination of folate-H^ and formaldehyde.
The studies of the combination of formaldehyde and
16
folate-H^ by Blakley were performed at neutral pH, The 
effects of pH on the rate of reaction between formaldehyde 
and folate-H^ were studied spectrophotometrieally in the 
presence of mercap toethanol by Osborn et al • , (i960). They 
found that the rate of combination was dependent on pH, 
being a maximum at 4,0 - 4,5* The pH curve has points of 
inflection at pH 3*2 and 5*3 and the authors consider 
that these values may correspond to pK values of two groups 
in folate-II^, the ionisation of which influences its rate 
of combination with formaldehyde. Although pK values have 
not been determined for folate-II^ itself, data obtained 
with model compounds indicate that the nitrogen atoms at 
positions 5 and 10 may have pK values of 5*3 and 2,9 
respectively. These values correspond closely to the 
observed points of inflection in the pH-rate curve. The 
authors point out that, if this interpretation is correct, 
it appears that at the pH optimum for combination between 
f o l a t e a n d  formaldehyde, the nitrogen atom at position 5 
is charged while that at position 10 is not.
Solutions of 5,10-methylene-folate-II^ were found to 
be unstable in the presence of oxygen at neutral pH, This 
is due to the oxidative decomposition of folate-H^, which 
is in equilibrium with 5 1 10-methylene-folate-H^ (Blakley, 
1960a). However, Osborn et al, (i960) report that at 
pH 9*5» 5 »10-methylene-folate—H^ is stable in the absence
17.
of mercapto ethanol and that it can be isolated 80-90$ 
pure from a mixture of folate—H^ and formaldehyde by 
elution from a Solka floe column at pH 9*3*
In addition to the chemical reaction, Osborn,
Vercamer, Talbert and Huennekens (1957 ) also report that 
an enzyme catalysing the combination of folate-H^ and 
formaldehyde occurs in pigeon liver, but details of its 
isolation and properties have not been reported.
The product of the non-enzymic combination of 
folate—H^ and formaldehyde appears t o b e  identical to 
that generated enzymically from serine and folate-H^ except 
that the enzymic product is a single isomer whereas the 
chemically synthesized product is a mixture of two 
diastereoisomers (Blakley, 1960b).
5-Formiinino-folate-H  ^•
5-Formimino-folate— is formed by the enzymic 
transfer of the formimino group from formiininoglycine 
(Rabinowitz and Pricer, 1956a) or from formiminoglutamic 
acid (Tabor and Rabinowitz, 1956) to folate—H^. The first 
evidence for transfer of this group to folate-H^ was 
obtained from isotopic studies (Rabinowitz and Pricer, 
1956a). Incubation of formiminoglycine labelled with
14C in the formimino group with folate-H^ in the presence 
of the transferase resulted in formation of a labelled 
folate-H^ derivative. However, the latter was not labelled
18
when C was present in the carboxyl group of 
formiininoglycine, No ammonia was released during the 
transferase reaction, but treatment of the folate 
derivative with acid released a stoichiometric amount of 
ammonia and resulted in the formation of 5»10-methenyl- 
folate-H^.
H
OH CH
CO 0 H 
CH2
9h2NH-fH
CO OH
Fig, 1*7* Structure of ^-f'ormimino-folate-H^
Rabinowitz and Pricer (1957a) isolated formimino- 
folate-H^ from the transferase reaction mixture as a 
pale yellow solid. The ultraviolet absorption spectrum 
of the compound closely resembles that of 5-f'oz'myl- 
folate-H^ , an observation which suggests that the forrnimino 
group is attached to the 5 position of the reduced pyrazine
19
ring* In addition, formimino-folate-II^ is relatively 
stable to oxygen (solutions unchanged at pH 5-9 in 6 hr* 
at 0° (Rabinowitz, i960) ), a property characteristic of 
folate-H^ when substituted at position 5* At 37°* 
however, formimino-folate-has a half life of only 1 hour 
at pH 5-9 (cf. 5-fonmyl-folate-H^; unchanged in 6 hr* at 
90° in 0#1 N sodium hydroxide (Pohland et al*, 1951) )• 
Enzymically formed 5“formimino-folate-H^ was twice 
as active as dl(L)-5-formyl-folate-H^ in supporting the 
growth of P. cerevisiae, indicating that the enzymic 
product is a single isomer (Rabinowitz and Pricer, 1957a)* 
Natural occurrence of folic acid compounds 
A study has been made of the folic acid derivatives 
present in a few species of bacteria* Teropterin 
(pteroyltriglutamate) has been isolated from the culture 
medium of an unknown species of Corynebacterium* The 
three molecules of glutamic acid were shown to be in 
y-peptide linkage by comparison of the five synthesized 
forms containing Ct- and y-peptide linkages with teropterin 
as growth factors for Lactobacillus casei (Semb, Boothe, 
Angier, Waller, Mowat, Hutchings and SubbaRow, 19^9)* The 
only isomer found to be active was that in which all the 
glutamic acid molecules were in y-linkage. A derivative in 
Bacillus subtilis was identified as a conjugate of 5-i’ormyl- 
folate-H^ containing two additional units of glutamic
20.
acid (Hakala and Welch, 1957)» The identification of 
this derivative was based on the growth factor activity 
of extracts of B. sub tills for different bacterial 
species. It was assumed that the three molecules of 
glutamic acid are also in y-peptide linkage in this 
compound.
Seven pteridine containing fractions have been 
separated from an extract of C . cylindrosporum by acetone 
precipitation followed by paper chromatography (Wright, 
1955; 1956; 1958)* All these fractions acted as cofactors 
for the conversion of serine to glycine by extracts of 
jC. sticklandii. On analysis these fractions appeared to 
contain polyglut amyl pteridine derivatives. Analysis 
showed the presence of small amounts of other amino acids 
and, in some cases, pentose and phosphate. From a 
comparison of the ultraviolet and infra-red spectra with 
those of authentic samples, and from measurements of the - 
stimulation of the growth of various bacterial species, 
four of these fractions were tentatively identified as 
diglutamyl 5-formyl-folate-H^ (Wright, 1955), diglutamyl 
folate (Wright, 1956), hexaglutamyl 5-formyl-f date-H^ 
and diglutamyl 10-formyl-folate (Wright, 1958 ). Most of 
the folic acid activity in £. cylindrosporum is present 
in the reduced form (Silverman, Broquist and Rabinowitz, 
i960) so that considerable oxidation must have occurred
21
during purification of these factors.
The methods used for the isolation of folic acid 
derivatives have been criticized by Rabinowitz (i960).
He emphasized the necessity of performing isolation and 
purification procedures under anaerobic conditions to 
protect oxygen-labile folic acid derivatives from 
decomposition. In most cases anaerobic conditions have 
not been used during isolation procedures and therefore 
the only reduced derivatives of folate likely to be 
detected would be those which are stable to oxidation.
At present the only known derivatives of folate-H^ stable 
to oxidation are those substituted in position 5* This 
probably explains the fact that the only derivative of 
folate-H^ detected so far in biological systems is 
5-formyl-folate-H^ (or polyglutamyl derivatives of it). 
There is evidence that 5-f'ormyl-folate-H^ may be formed 
from an oxygen—labile derivative by preparative 
procedures (Nichol, Anton and Zakrzewski, 1955)*
Enzymic formation of folate-H^ and derivatives
Enzyme systems catalysing the reduction of folic 
acid and the combination of folate— with different 
"one-carbon fragments” have been detected in bacteria 
and these are discussed in the following sections. 
Reduction of folic acid.
The conversion of folic acid to 5-f'ormyl-folate-H^
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(Hendlin, Koditschek and Soars, 1953) and the conversion 
of teropterin to the triglutamyl form of the citrovorum 
factor (Hakala and Welch, 1957) by bacteria indicates the 
presence in these species of an enzyme system which 
reduces folic acid to folate—H^. However, with the 
exception of a folic reductase isolated from £. sticklandii 
(Wright, Anderson and Herman, 1958) the enzyme systems 
involved in this reduction have not been studied in 
bacteria. The folic reductase from sticklandii 
catalyses the reduction of both folic acid and its 
diglutamyl derivative, teropterin, to the corresponding 
dihydro derivatives. The partially purified enzyme 
required an electron donor such as pyruvate or serine,
CoA, 2,3-dimercaptopropanol and orthophosphate. When 
substrate amounts of CoA were present, 2,3-dimercapto- 
propanol was not required and is probably necessary only 
to maintain catalytic amounts of CoA in the reduced state. 
Folate—Hg formation was associated with a stoichiometric 
increase in acetyl-CoA and carbon dioxide, suggesting that 
pyruvate is oxidised with concomitant reduction of folic 
acid. DPNH- and TPNH-generating systems could not 
replace pyruvate. The orthophosphate probably serves to 
regenerate CoA by the formation of acetyl phosphate.
Enzymes which have been isolated from chicken liver 
reduce folate to folate-H^ using reduced pyridine
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nucleotides (Osborn and Huennekens, 1958; Futterman, 1957)« 
With the exception of the occurrence of dihydrofolic 
reductase in Streptococcus faecalis, reported in this 
thesis (Chapter VI), no such enzymes have been discovered 
in bacteria •
10-Formyl-folate-H^.
The production of 10-formyl-folate— by the 
enzymic formylation of folate-H^ is catalysed by folate-H^ 
formylase according to the equation:
HCOOH + folate— H. + ATP *r-— —  10-formyl-folate-H. +
4 4 (*) 
ADP -I- HP0»
This enzyme was crystallised from C* cylindrosporum by 
Rabinowitz and Pricer (1958) and has been purified 200-fold 
from Micrococcus aeroft-enes by Whiteley, Osborn and 
Huennekens (1958)* A number of other bacterial species 
contain this enzyme but in smaller amounts than in these 
two organisms (Whiteley, Osborn and Huennekens, 1959) and 
its presence in pigeon liver has also been reported 
(Greenberg and Jaenicke, 1957)*
The crystalline enzyme is specific for ATP, for 
l(L)-folate-H^ (Rabinowitz, i960) and for formate 
(Rabinowitz and Pricer, 1957b)« Folate-H^ formylase from 
M* aerogenes shows the same specificity (Whiteley et al*, 
1959)« The evidence that 10-formyl-folate-H^ is the
2 4 .
product of the reaction is that an increase in the 
extinction at 3 5 0  m}i occurs on acidification of the 
reaction mixture (Rabinowitz and Pricer, 1 9 5 6b; Whiteley, 
Osborn and Huennekens, 1958). Since the purified 
bacterial preparations used in these experiments contained 
no cyclohydrolase, and since the spectrum of 5,10-methenyl- 
folate-II^ was not detected before acidification 
(Whiteley et a l . , 1959; Rabinowitz, i 9 6 0 ), the la tte r 
compound is not produced.
Although the equilibrium constant of the reaction is 
not known (Rabinowitz, i 9 6 0 ), the equilibrium is greatly 
in favour of the formation of 10-formyl-folate-H^ and i t  
is only in the presence of a "trapping” system that ATP 
formation can be demonstrated (Rabinowitz and Pricer, 
1956b).
Whiteley, Osborn and Huennekens (1 9 5 8 ) suggested 
that the overall reaction consisted of two steps, although 
both appeared to be carried out by the same enzyme:
ATP + folate-II^ -^---- folate-H^-phosphate + ADP (5 )
folate-Ii^-phosphate + HCOOH  ^ 10-formyl-folate-H^ +
HPO" (6)
They reported several experiments with the purified 
extract from M, aerogenes in support of this postulate.
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ATP and folate-H^ were incubated with the extract and the
formation of ADP was measured by DPNH production in the
presence of phosphoenolpyruvate, DPN, pyruvic kinase and
lactic dehydrogenase* ADP but no inorganic phosphate was
formed during the incubation. By labelling the ATP in
32this system with V , it was possible to separate a
radioactive, fluorescent material from the reaction mixture
by paper chromatography and, although it was labile to
oxidation in air, this material was eluted from the
chromatogram. 10-Formyl-folate-H^ was formed when the
eluted material, was incubated with formate and enzyme in
the absence of ATP. The fluorescent, radioactive material
eluted from the chromatogram was considered to be a
phosphorylated derivative of folate-H^, but it was not
characterised. Furthermore, it was chromatographed in only
one solvent in which the values for ATP and the
fluorescent, radioactive spot were 0.06 and 0.16,
respectively. The formation of 10-formyl-folate-H^ by the
enzymic system might therefore be due to the presence of ATP
and folate-H^ in the eluted, material. When folate-R^ was 
32mixed with P -labelled orthophosphate in the presence of 
P^O^ and ethanol, the crude material was active in the 
formylase system (Whiteley, Osborn, Talbert and Huennekens, 
I95S). 10-Formyl-folate-H^ was formed in the 
presence of formate, and ATP in the presence of 
ADP. Chromatography showed the presence of a radio-
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active component which had the same R^ as the 
fluorescent, radioactive compound formed enzymically. 
However, this chemically-forined radioactive compound was 
neither purified nor further characterised.
The same authors also reported that a change in 
the spectrum of folate-H^ occurred when ATP and the 
enzymic extract were incubated with folate-H^; there was 
a decrease of about 15% in the extinction although the 
Nnax rema^ne<* unaltered (Whiteley, Osborn and Huennekens, 
1958). Although this indicates that some change occurred 
during incubation, it gives no specific information about 
the type of reaction involved and certainly cannot be 
quoted as ’’direct spectrophotometrie evidence for reaction
5".
Using the crj^stalline enzyme from C!. cylindrosporum. 
Rabinowitz (i960) was unable to demonstrate an ATP- 
dependent phosphorylation of folate—H^. ADP formation 
could not be detected when ATP, folate-H^ and the enzyme 
were incubated together. On the addition of formate, 
however, ADP was formed.
Rabinowitz (i960) also attempted to demonstrate 
reaction (6) by arsenolysis of 10-formyl-folate-H^ when 
it was incubated with arsenate and the enzyme. There was 
no disappearance of 10-formyl-folate— in the absence of 
catalytic amounts of ADP, however, so he concluded that
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either reaction (6) does not occur or the postulated 
arsenyl-folate-H^ is stable and is decomposed only in 
the presence of ADP.
Since it does not seem likely that two different 
mechanisms would exist for the reaction catalysed by 
folate-H^ formylase from different sources, it should be 
pointed out that the enzyme from C5* cylindrosporum was 
obtained as a pure crystalline preparation, whereas the 
enzyme from M« aerogenes was not as pure*
5~ Formyl- f olate-H^ ♦
The formation of 5-formyl-folate-H^ from folic 
acid is catalysed by extracts of Strep* faecalis (Nichol, 
195*0 0X1(1 easel (Heisler and Schweigert, 1959)*
Washed suspensions of L*_ arabinosus and P. cerevisiae 
(Hendlin et al*f 1953) also carry out this reaction* 
However, P* cerevisiae, which utilises 5-f«rmyl-folate-H^ 
as a growth factor, forms only small quantities of this 
compound even when supplied with large amounts of folic 
acid* Extracts of B* subtills produced the triglut amyl 
form of the citrovorum factor when teropterin was supplied 
as the substrate (Hakala and Welch, 1957)*
The identification of the product has depended in 
most cases on the growth response of P* cerevisiae*
Since this organism also responds to folate-Hj^ and other
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derivatives of folate-Hj^ (Silverman, 1960), the assay 
is for folate-H^ and derivatives rather than for 
5-formyl-folate—H^« The one carbon donor was supplied
14as formate or serine« By using formate-C or serine-
3-C1**, Zakrzewski and Nichol (1955) showed that Strep«
faecali3 formed labelled citrovorum factor and that the 
14C appeared to be in the formyl group« Ascorbic acid 
or other reducing agents stimulated the synthesis when 
it occurred under aerobic conditions (Broquist, Kohler, 
Hutchison and Burchenal, 1953)» but the effect of 
ascorbate was slight under nitrogen« Broquist et al« 
(1953) concluded that the stimulation produced by 
ascorbate was probably due to the protection of an 
oxygen-labile precursor of the citrovorum factor« This 
suggestion is supported by the demonstration of the 
presence of an oxygen-labile intermediate during the 
formation of 5-Tormyl-folate-H^ by cells of Strep« 
faecalis (Nichol et al«, 1955)*
Other requirements have been demonstrated with 
enzymic extracts* The system from Strep« faecalis was 
stimulated by ATP, magnesium ions, DPN and glucose 
(Nichol, 195*0* A similar reaction mixture was used 
for extracts of L« casei except that it contained TFN 
and DPNH but no glucose (Heisler and Schweigert, 1959)* 
Heisler and Schweigert also reported that this enzyme
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system was stimulated by a boiled extract from the same 
organism and the properties of the active principle were 
consistent with it being a polyglutamate of the 
citrovorum factor« The role of such a factor in this 
reaction is not known*
Very little is known about the mechanism of the 
conversion of folic acid to 5-Formyl-folate-H^* Nichol 
et al* (1955) showed that the oxygen-labile intermediate 
which was formed during the reaction could be converted 
to the citrovoriim factor by heating in the presence of 
ascorbate* Under anaerobic conditions this intermediate 
was gradually converted non-enzymic ally to 5“ formyl— 
folate-H^ at 37° ♦ These findings seem to indicate that 
the product of the enzymic reaction is not
but an unstable9 closely related derivative* the 
properties of which distinguish it from any known folate 
derivative* The conversion of folic acid to the 
citrovorum factor is inhibited by 4-deoxy-4-amino-folic 
acid (Hendlin et al** 1953)* Since this analogue inhibits 
folic and folate-Hg reductases (Futterman, 1957* Osborn* 
Freeman and Huennekens* 1958) * the reduction of folic 
acid to folate— probably occurs before combination with 
the "one carbon fragment"*
5 * 10-Methylene-folate-H^.
The enzymic formation of 5»10-metbylene-folate-H^
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occurs by the transfer of the hydroxymethyl group from 
serine to folate— according to the reaction:
L-serine + folate— ^ 5» 10-methylene-folate— +
glycine + H^O ^  ^
This reaction is catalysed by an enzyme, serine 
transhydroxymethylase, which has been obtained from the 
liver of the rabbit (Blakley, 1960b), pigeon (Blakley,
195^» Kisliuk and Sakami, 195*0» sheep, guinea pig and 
rat (Alexander and Greenberg, 1955)* Serine transhydroxy- 
methylase purified 250-fold from rabbit liver has been 
found to be a basic protein (Blakley, 1960b). The rabbit 
liver enzyme requires pyridoxal phosphate which is strongly 
bound to the enzyme (Blakley, 1955)* Serine transhydroxy­
me thylase from other sources also requires pyridoxal 
phosphate but does not always bind it as strongly (Hatch, 
Take yam a said Buchanan, 1959). The purified enzyme is 
specific for L-serine and l(L)—folate— and the reaction 
is reversible with an equilibrium constant of 10*2 
(Blakley, 1960b)•
Serine transhydroxymethylase activity has been 
detected in several bacterial species. The conversion of 
glycine to serine is catalysed by an extract of a 
luminous Coccobacillus in the presence of folate— and 
pyridoxal phosphate (Davis, Passoneau and Totter, 1956).
The enzyme has been partially purified from E. coli and
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shown, to have an absolute requirement for pyridoxal 
phosphate and folate-H^ (Hatch, Takeyama and Buchanan, 
1959).
Extracts of C. sticklandii convert serine to glycine 
in the presence of a folic acid derivative (Wright, 1956)« 
Folate-H^ was active when it was added in substrate amounts 
and presumably acts as an acceptor of the hydroxymethyl 
group« Since the dissociation constant for the reaction:
5,10-methylene-folate-H^ + H^O
HCHO 
x-5
folate-H^ ♦
(8)
is 3*1 x IO""'* M (Blakley, 1960a), folate-H^ will not act 
catalytically unless it is regenerated from 5*10-methylene- 
folate-H^« The fact that folate-H^ is required in 
substrate amounts does not therefore imply, as suggested 
by Wright (1956), that it is not a suitable cofactor for 
serine transhydroxymethylase from this organism« If the 
reaction had been studied in the direction of serine 
synthesis from glycine and formaldehyde it would be 
expected that due to the position of the equilibria 
folate-H^ would in this case act catalytically«
A fraction isolated from a boiled extract of 
<C« cvlindrosporum activated the system from £, sticklandii 
when added in catalytic amounts provided that DPN and 
manganous ions were present« This fraction contained 
several pteridine derivatives, all of which were
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polyglutamyl derivatives (Wright, 1955). Serine was 
not converted to glycine with catalytic amounts of 
folate-H^ even in the presence of DPN and manganous ions. 
These results may be interpreted to indicate that in the 
presence of DPN and manganous ions the 5#10-methylene- 
folate-H^ polyglutamyl derivative first formed is 
oxidised to a 5»10-methenyl-folate-H^ derivative which is 
then hydrolysed to yield formate and the original 
folate-H^ derivative. This hypothesis is supported by 
the finding that in the presence of polyglutamyl pteridines 
and DPN, carbon 3 of serine is metabolized to a number of 
products, 50# of the label being incorporated into 
formate (Wright and Stadtman, I956). The experimental 
findings are explained, therefore, if it is assumed that 
while serine transhydroxymethylase of C. sticklandii can 
utilise folate-H^ as well as polyglutamyl pteridines as 
acceptors of the hydroxymethyl group, one or more enzymes 
concerned in the subsequent metabolism of the 5»10— 
methylene—folate-Hj^ is specific for the polyglutamyl 
pteridine derivatives and cannot function with the 
simple folate— compound.
5«-Formimino-folate-H^.
5-Formimino-folate-H^ is formed enzymically in 
bacteria by transfer of a formimino group from 
formiminoglycine according to the reactions
33.
C -NH-CH = NH 4- folate-H^ -■ “ CHg-NHg + 
COOH COOH
5-formimino-folate-H^
(9)
The enzyme concerned was named formiminoglycine
formimino transferase by Rabinovitz and Pricer (1956a)
and has been purified 10—fold from extracts of
£• cylindrosporum* The reaction was found to be readily
reversible* The enzyme appears to be specific for
formiminoglycine since other naturally—occurring formimino
compounds such as formiminoglutamate and formiminoaspartate
were inactive (Rabinowitz, 1960)*
5— Formimino—folate—Hj^  is probably also farmed as ar»
intermediate in the hydrolysis of formiminoglycine to
formate and ammonia by extracts of C* acidi urici (Sagers,
Beck, Gruber and Gunsalus, 1956)* When glycine-2-C1  ^ani
unlabelled formiminoglycine were incubated with this
extract, the formiminoglycine rapidly became labelled 
14with C by a reaction dependent on the presence of
folate—H^* Hydrolysis of this labelled formiminoglycine
14yielded glycine-C and unlabelled formate*
5—Formimino—folate— is also formed in an analogous 
reaction in animal tissues, in which the formimino group 
is transferred to folate-H^ from formiminoglutamate* 
Formiminoglutamate formimino transferase, purified from a
34.
rabbit liver acetone powder by Tabor and Rabinowitz 
(1956)» was found to be inactive with formiminoglycine•
Since formiminoglutamate is an intermediate in the 
degradation of histidine , the transfer of the formimino 
group to folate-H^ and its subsequent metabolism 
provides a pathway for the utilisation of carbon 2 of 
the imidazole of histidine in one-carbon transfer 
reactions•
Inter conversion of folate-K^ derivatives 
The interconversion of the metabolically active 
derivatives of folate— provides a mechanism whereby 
one—carbon moieties derived from various molecules can 
be incorporated into a number of other molecules 
synthesized by the cell* Enzymes catalysing interconversions 
of folate— derivatives have been studied in bacteria, 
though to a smaller extent than in animal tissues, and 
the present knowledge of these enzymes is summarized in 
the following sections.
5.10-Methylene—folate— dehydrogenase •
The reversible oxidation of 5»10-methylene-folate-H^ 
to 5,10-methenyl-folate-H^:
5» 10—Methylene—folate— -f TPN *  ^ 5* 10—methenyl—
(10)folate-H. + TPNH
is catalysed by a dehydrogenase present in livers from
3 5
pigeon and ox (Hatefi, Osborn, Kay and Huennekens, 1957) 
and chicken (Osborn and Huennekens, 1957). In purified 
enzymic extracts from chicken liver 9 free from 
cyclohydrolase, the product of the reaction was shown to 
be 5flO~methenyl-folate-H^ (Osborn and Huennekens, 1957) 
and not 1 0 - f o r m y l - f o l a t e - a s  reported by Hatefi et al. 
(1957)» The dehydrogenase from pigeon and beef liver is 
specific for TPN (Hatefi et al., 1957), but recently a 
DPN-linked dehydrogenase was detected in extracts from 
Ehrlich tumour cells (Scrimgeour and Huennekens, i960).
Although the presence of this enzyme in bacteria has 
not been reported there are indications of its occurrence. 
Thus, formate acts as one—carbon donor for the synthesis 
of serine from glycine by washed cell suspensions of 
Strep, faecalis (Lascelles and Woods, 1954). The reverse 
reaction is indicated by the formation of 5-formyl- 
folate—H^ from folic acid and serine with extracts of 
L. cased. (Heisler and Schweigert, 1959) and Strep. 
faecalis (Nichol, 1954).
5 % 1 0 —Methenyi—folate— cyclohydrolase.
This enzyme catalyses the reaction:
5# 10—Me thenyi-folate—H. + H«0 10-formyl-
♦ (11)folate-Hj^ ♦ H
It has been detected in the liver of rabbit and hog
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(Tabor and Wyngarden, 1959) and in C» cylindrosporum 
(Rabinowitz and Pricer, 1956a)» The forward reaction 
was followed by the decrease in absorption at 356 mfl due to 
the disappearance of 5flO-methenyl-folate-H^. The 
ultraviolet spectrum of the product was that reported for 
10-forrayl-folate-H^ and this changed to the spectrum of 
5* 10—me thenyl-folate-on treatment with acid (Tabor and 
Wyngarden, 1959)* The enzyme obtained from animal tissue 
or from C. cylindrosporum appeared to be specific for one 
isomer of dl(L)-5*10-methenyl-folate-Hj^ (Rabinowitz and 
Pricer, 1956b)» The reaction catalysed by cyclohydrolase 
from rabbit liver was shown to be reversible by incubating 
10-forrayl-folate-H^ under conditions when the non-enzymic 
reaction was comparatively slow and observing the increase 
in extinction at 355 mji»
The study of the enzymic reactions was complicated 
by the non-enzymic hydrolysis or cyclization of the 
folate-H^ derivatives (see page 12) which prevented the 
determination of the pH optimum for the hydrolysis of 
5,10-methenyl-folate-H^ (Tabor and Wyngarden, 1959)» 
5-Formyl-folate-H^ isomerase»
Extracts of pigeon liver convert 5-Tormyl-folate-Hj^ 
to 10-forrayl-folate-H^ (Kay et al»f I960)» ATP and 
magnesium ions are necessary and ADP and inorganic 
phosphate are formed during the reaction, but the mechanism
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of it is not known* 5* 10-Methenyl-folate-H^ does not 
appear to be an intermediate* A similar system has not 
been reported in bacteria but it may be present in a 
number of* organisms Which utilise 5-formyl-folate-Hj^ for 
growth*
5-Formimino-folate-H^ eyelodeaminase*
The enzymic deamination of 5-formimino-folate-H^ 
results in the formation of 5»10-metheny1-folate-H^i
5-Formimino-folate-H. ♦ ILO -- ► 5,10-methenyl-
4 * (12)folate-H^ + NH„
The enzyme has been purified 10-fold from £  * evlindrosporum 
(Rabinowitz and Pricer, 1956a) and also from rabbit liver 
(Tabor and Rabinowitz, 1956)* The product of the reaction, 
5,10-methenyl-folate-H^, was identified by its 
characteristic absorption spectrum* If the reaction occurs 
in two steps, with an initial release of ammonia, followed 
by cyclization, 5-formyl-folate— would be expected to be 
formed as an intermediate* Since this derivative is not 
converted to 5#10-metheny1-folate-H^ by the enzymic 
extract, however, deamination and cyclization must occur 
simultaneously (Rabinowitz, i960). It is not known 
whether this reaction is reversible*
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Role of tetrahyd.rofolate derivatives 
In metabolic reactions
Tetrahydrofolic acid and its derivatives are 
concerned in micro-organisms with the biosynthesis of* 
purines, thymine, methionine, serine, 5—hydroxyme thy 1— 
cytosine and with the fermentation of purines*
Purification of the relevant enzymes from cell-free 
extracts has defined the role of folate-H^ in each case: 
de novo synthesis of the methyl groups of methionine and 
thymine, transfer of the hydroxymethyl group in the 
formation of serine and 5’-hydroxymethyl-dCMP, transfer of 
formyl groups during the synthesis of the purines and, 
during the fermentation of purines, transfer and hydrolysis 
of the formimino group with generation of ATP* These 
reactions are discussed under these headings in the 
following sections*
Methyl Group synthesis*
Nutritional studies showed that a folic acid 
coenzyme functions in the bacterial synthesis of thymine 
and methionine* However, the role of methionine in 
transmethylation reactions in animal tissues suggested 
the possibility that only the methyl group of methionine 
was synthesized de novo and that the methyl group of 
thymine was derived from methionine by transmethylation*
This possibility was tested with E* coli (Green and Cohen,
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1957) and L. leichmannii (Dinning, Allen, Young and
Day, 1958). In each case methionine labelled with
in the methyl group was supplied in the culture medium
and thymine was isolated from DNA of the resulting cells*
The results demonstrated that in mutants of E. coli
requiring both uracil and methionine, the methyl group
of methionine was not utilised for thymine biosynthesis*
14In L* leichmannii* however, C was incorporated into the 
methyl group of thymine with a 10-fold dilution in 
specific activity* Although these results are consistent 
with thymine synthesis by transmethylation from methionine 
to a uracil derivative, they could also be due to 
preliminary oxidation of the methyl group of methionine 
to formaldehyde and formate (Sakami, 1949; Mackenzie,
1950) followed by incorporation into the thymine methyl 
group.
Studies with enzymic extracts, discussed below, have 
shown that in fact separate pathways exist for the de novo 
synthesis of the methyl groups of methionine and thymine* 
It appears likely, however, that in each case the 
immediate precursor of the methyl group is 5,10-methylene- 
folate—Hj^* This is suggested by a comparison of the 
levels of oxidation of 5,10-methylene-folate-H^ and the 
methyl group, by the fact that serine is more efficient 
than formate as a precursor of the methyl group of thymine
4o.
(Blakley, 1957*>» Crosbie, 1958) and. by the finding that 
5* 10—me thylene—folate— could replace the requirements 
for both serine and folate-H^ in the formation of dTMP 
(Friedkin and Kornberg, 1957) and methionine (Kisliuk and 
Woods, i960)* In addition, serine transhydroxymethylase 
was shown to be a component of an enzyme system which 
formed me thionine—methyl from serine (Hatch, Take yam a and 
Buchanan, 1959)•
Thymine-Methyl Group synthesis. The biosynthesis 
of the methyl group of thymine as studied with cell—free 
extracts of E. coli is discussed in Chapter II. In 
summary, deoxyuridylic acid is converted to thymidylic 
acid in a folate— dependent reaction, the source of the 
methyl group being formaldehyde or the hydroxymethyl group 
of L-serine•
Work with other bacteria has indicated that vitamin
B12 may be concerned with the biosynthesis of thymine in
bacteria. The incorporation of fomate-C1^ into DNA-
thymine by L. leichmanni was studied by Dinning et al •
(1958). Since this organism utilises either B^  or a
deoxyribonucleoside for growth, it was possible to
obtain B^-deficient cells by growth in a medium
containing deoxycytidine but no Bj^« The incorporation of 
14formate-C into DNA by cells grown in the absence of B ^  
was lower than when the cells were grown in the presence
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14 14of B^0. When methionine-methyl-C , serine-3-C and
14glycine-1-2-C were tested, however, had no
significant effect on the labelling of DNA-thymine. It 
was therefore suggested that is concerned in the
reduction of "one-carbon fragments” between the formate 
and formaldehyde levels of oxidation, a reaction which is 
catalysed by 5»10-methylene-folate-H^ dehydrogenase. The 
activity of this enzyme, with 5»10-methenyl-folate-H^ as 
substrate, was found to be reduced in bone marrow and liver 
from B^-deficient chicks (Dinning and Hogan, I960). The 
addition of stimulated the activity of the unpurified
enzyme preparations, but erratic results were obtained 
with partially purified enzyme. These discrepancies 
could be explained as follows. B ^  stimulation in crude 
dehydrogenase preparations may depend on an enzymic 
system which converts B,^ to a coenzyme required by the 
dehydrogenase for activity. During purification this 
coenzyme-forming system may sometimes be removed from 
the dehydrogenase so that, under these conditions, no 
activation of dehydrogenase occurs on addition of 
Another possible site of B ^  action in the 
synthesis of dTMP is the formation of the deoxyribose 
moiety. In several strains of the lactic acid bacteria 
the requirement for B ^  can be replaced by deoxynucleosides 
but not by ribonucleosides (Kitay, McNutt and Snell, 1950)
42
and several isotopic experiments indicate that
functions in the conversion of ribose to deoxyribose by
these organisms* For example, Spell and Dinning (1959)
grew L* leichmannii in media containing deoxycytidine,
14ribose-l-C and varying amounts of B^2* They found that 
no labelling of DNA occurred in the absence of or
with low concentrations of B^2, But with high 
concentrations DNA became labelled in the deoxyribose 
moieties* B^2 had no effect on the labelling of RNA. 
Hence, in Lactobacilli B^2 may exert an indirect effect 
on the synthesis of the methyl group of thymine because 
of a role in the conversion of ribose to the deoxyribose 
moiety of dTMP*
The formation of the methyl group of dTMP is 
inhibited by 5-Tluoro-uracil derivatives. Thus, the 
presence of 5-fTuoro-deoxyuridine in the growth medium 
of E* coli produces a condition resembling thymine 
deficiency (Cohen, Flaks, Bamer, Loeb and Lichtenstein, 
195B)* In cell-free extracts 5-Tluoro-dUMP is a very 
strong inhibitor of thymidylate synthetase* 5-Fluoro- 
deoxyuridine also inhibits thymidylate synthetase 
slightly, probably due to the action of thymidine kinase 
in the E* coli extracts which phosphorylates 5-Huoro- 
deoxyuridine to 5-Tluoro-dUMP* Flaks and Cohen (1959a)
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also reported inhibition of dTMP synthesis by 5—fluoro — 
dUMP in preparations from E* coli infected with 
bacteriophage* 5-Fluoro-dCMP also inhibited dTMP 
synthesis by this extract, probably as a result of 
deamination to 5-fluoro-dUMP.
5— Bromo-dUMP also inhibits thymidylate synthetase 
in extracts of E* coli (Flaks and Cohen, 1959a) but 
compared with 5**f Tu or o—dUMP it is a weak inhibitor*
Methionine-Methyl Group synthesis* Buchanan and 
his co—workers have studied methionine synthesis in a 
cell-free enzyme system prepared from a mutant of 
E * coli which required either methionine or for
growth* In addition to homocysteine and serine this 
enzyme system requires pyridoxal phosphate, folate-H^, 
DPNH, ATP, B^2 (Hatch, Take yam a and Buchanan, 1959) and 
FAD or FMN (Hatch, Takeyama, Cathou, Larabee and 
Buchanan, 1959)« DPNH appeared to be necessary only for 
reduction of the flavin component of the system, since 
DPNH was not required when reduced flavin was used, 
provided that the incubation was carried out in an 
atmosphere of hydrogen* Under these conditions the 
reduced flavin is probably regenerated continuously by 
hydrogenation in the presence of traces of palladium 
catalyst*
The enzyme system catalysing the synthesis of
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methionine from homocysteine and serine has been 
resolved into severed, fractions (Hatch, Takeyama and 
Buchanan, 1959)* One of these fractions is serine 
transhydroxymethylase which showed absolute requirements 
for pyridoxal phosphate and folate-H^« Another fraction 
appears to contain as the prosthetic group of an
enzyme« This was demonstrated by growing the cells in 
the presence of Co^-labelled B ^ «  Approximately 40$ of 
the soluble B ^  in the extract was bound in this enzyme 
fraction« The bound B ^  could be released by heating and 
appeared to be present as cyano- or hydroxo-cobalamin«
The apo-enzyme was obtained from cells grown in a medium 
lacking B^2 but containing methionine* The apo-enzyme 
could be converted to the holo-enzyme by incubation with 
B ^ 2  in the presence of folate-H^, FAD and a sulphydryl 
compound (Takeyama and Buchanan, I960)* Antimetabolites 
of B ^ 2  prevented this combination of B ^  with the 
apo-enzyme•
A B^2 -containing protein required for methionine 
synthesis has also been purified by Kisliuk (i960) from 
a glycine or serine requiring mutant of E * coli« This 
B^2 -containing protein was produced when the cells were 
grown in media supplemented with B ^ .  It could not be 
detected in extracts of cells grown in the absence of 
B^2 • Such cells contained very little detectable B^p «
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On the basis of these results Kisliuk suggests that 
organisms grown in the presence of* possess a
mechanism (involving a B^-activated enzyme) for 
methionine synthesis additional to and differing from 
that in organisms grown in the absence of B^2# An 
alternative explanation is as follows* E. coli grown 
in the absence of B ^  may produce excess apo-enzyme but 
only sufficient of the B-^-coenzyme to form the minimum 
amount of holo-enzyme necessary for methionine synthesis 
in the cell* This amount of holo-enzyme and of the 
B^2«coenzyme would be too small to d&tect experimentally* 
When excess B ^  is added to the medium, however, 
considerable amounts of the B^-coenzyme are formed and 
much of the apo-enzyme is converted to the holo-enzyme 
and hence can be detected* It would be interesting to 
know whether the organisms used by Kisliuk contained 
apo-enzyme when grown in the absence of B ^ *
The relationship between methionine synthesis in 
E* coli and the cobamide coenzymes described by Weissbach, 
Toohey and Barker (1959) is not clear* Methionine 
synthesis is not stimulated in the cell-free enzyme 
systems from E* coli studied by Kisliuk (i960) and by 
Takeyama and Buchanan (i960)* However, Guest, Helleiner, 
Cross and Woods (i960) report that the 5 »6-dime thy 1- 
benzimidazole cobamide coenzyme was 2-3 times as active
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as ®12 u -^'fcra8on:*-c extracts of E* coli.
The function of the B^ 2 ~con'fcad-ning enzyme in 
methionine synthesis is not as yet known. Studies 
carried out by Woods and his co-workers suggest that 
may function in the conversion of folate-H^ to a 
coenzyme form active in methionine synthesis such as 
pteroyltriglutamate. Thus, in ultrasonic extracts of 
E. coli folate-Hjj^ stimulated methionine synthesis only 
in the presence of B^g, However, pter oyltri glut amate-H^ 
or a heated extract of the cells promoted methionine 
synthesis without the addition of B ^  (Guest and Jones, 
i960). Although pteroyltriglutamate-H^ resembles the 
factor in the heated extract, Guest and Jones consider 
that it is not identical with it, since the cofactor 
activity of the heated extract is stable during exposure 
to air, while pteroyltriglutamate-H^ is unstable. The 
two factors might be identical if in the native holo- 
enzyme the pteroyltriglutamate is stabilized by bonding 
to the enzyme; it may be supposed that once dissociated, 
the cofactor recombines with the enzyme in a different 
manner so that it is no longer stabilized by the bonding 
to the enzyme•
From these results obtained with a serine auxotroph 
of E. coli, B ^ 2  seems to function in the conversion of 
folate—H^ into a coenzyme form. However, this cannot be
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its sole function. It has been found that ultrasonic 
extracts of a B^>-requiring mutant of E, coli still 
require for synthesis of methionine even in the
presence of heated extracts of this organism. The heated 
extract appeared to contain adequate folate coenzyme 
(Guest et al,, I960),
Although nutritional studies with rats indicated 
that was 116 cess ary for the de novo synthesis of methyl
groups (Bennett, 1950)» there have been no indications 
that it is required for the synthesis of the methyl 
group of methionine by cell-free systems from animal 
tissues. The addition of B ^  to a cell—free system from 
sheep liver did not have any effect on methionine 
synthesis (Nakao and Greenberg, 1958)*
The function of ATP in methionine synthesis is not 
known. However, in the purified system from E, coli 
pyrophosphate—ATP exchange was observed in the presence 
of homocysteine or methionine, which may indicate the 
participation of an adenosyl derivative in this reaction 
(Hatch, Cathou and Larrabee, i960).
The significance of the synthesis of the methyl 
group of methionine in animal tissues is somewhat 
different to its significance in bacteria. In animal 
tissues methionine, or its adenosyl derivative, is a 
source of labile methyl groups for transmethylation
48
reactions, i*e*, the methionine groups synthesized 
de novo are used in the synthesis of several compounds, 
in particular choline (Wilson, Gibson and Udenfriend, 
i960), and creatine (Ennor and Morrison, 1958)* In 
bacteria, however, it appears possible that the synthesis 
of methionine is important mainly for the supply of this 
amino acid for protein synthesis*
Hydroxyme thyl Group trans fer.
The transfer of the methylene group from 5 »10- 
methylene-fol at e-H^ is known to occur in bacteria with 
two enzyme systems: serine transhydroxymethylase and
5-hydroxyme thyl-dCMP hydroxyme thylase•
Serine transhydroxymethylase* The reaction 
catalysed by this enzyme and the properties of the enzyme 
have been described above (p* 2 9 )*
5-Hydroxyme thyl-dCMP hydroxyme thylase* The DNA of 
T-even bacteriophages, which multiply in E* coli strain B, 
possess a pyrimidine, 5-hydroxymethyl-cytosine, which is 
absent from the nucleic acids of the host bacterium and 
which has not yet been found in any other natural material* 
5-Hydroxymethyl-cytosine completely replaces cytosine in 
the deoxynucleic acid of these bacteriophages (Wyatt and 
Cohen, 1953)* The presence of 5-bydr oxy me thyl-dCMP 
hydroxymethylase has been demonstrated in extracts of 
E. coli strain B prepared from cells which have been
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infected with one of the T-even bacteriophages (Flaks 
and Cohen, 1959b). This enzyme is present in very small 
amounts in extracts from uninfected cells. This 
hydroxymethylase catalyses the formation of 5-bydroxyraethyl 
dCMP from dCMP and formaldehyde. Folate-H^, in catalytic 
amounts, is necessary for activity and cannot be replaced 
by folate or folate-H^* In contrast to thymidylate 
synthetase, this enzyme is not inhibited by the 5-fluoro 
derivatives of dUMP and dCMP.
Formimino Group transfer.
Folate-H^ is concerned in the metabolism of the 
foraimino group during the fermentation of purines by 
C. cylindrosporum and C* acidi urici. These organisms 
can utilise a variety of purines as their sole source of 
carbon and nitrogen for growth (Barker and Beck, 1942).
The purines are first converted via xanthine (Rabinowitz 
and Barker, 1956) and intermediates to 4-amino-imidazole 
and from the latter formiminoglycine is formed (Rabinowitz 
and Pricer, 1956c). The further metabolism of formimino- 
glycine was found to require folate-H^, ADP and 
orthophosphate. In the presence of these components, 
extracts of C. cylindrosporum converted formiminoglycine 
to glycine, formate and ammonia and ATP was formed 
(Rabinowitz and Pricer, 1956d).
Further purification of the extracts showed that the
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following intermediate steps are involved in the overall 
reaction (Rabinowitz and Pricer, 1956a; 1956b),
Formiminoglycine ♦ folate-H^ =;
5-formimino-folate-H^
glycine ♦
(13)
5-Formimino-folate-H. NH2 ♦ 5» 10-methenyl-
folate-H, (i*)
5,10-Methenyl-folate-H^ + HgO 10-formyl-
folate-H^ + H+ (15)
10—Formyl-folate-H^ ♦ ADP + orthophosphate 
folate-H^ + formate ♦ ATP
(16)
These reactions are catalysed by formiminoglycine 
formimino transferase, 5-formimino—folate-H^ cyclo­
deaminase, 5 »10—me thenyl—folate— cyclohydrolase and
folate— forraylase, respectively. The presence of all 
these enzymes was demonstrated in extracts of 
£• cylindrosporum and their properties have been discussed 
in preceeding sections. With the exception of reaction 
(l4) all the reactions have been shown to be reversible.
The transfer of the formimino group to folate-Hj^ 
during the fermentation of purines appears to serve two 
metabolic requirements of the organism. Thus, 5-formimino— 
folate— provides a source of Mone-carbon fragmentsw for 
biosynthetic reactions in the cell. Moreover, the
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transfer of the formimino group to folate-H^ preserves 
the Hhigh energy** status of the formimino grouping which 
can be utilised to synthesize ATP from ADP and inorganic 
phosphate* Since the fermentation of purine provides the 
sole source of energy for these organisms and since the 
reactions leading to fonniminoglycine production are 
hydrolytic with the exception of one decarboxylation 
reaction, the forraylase reaction may provide the main 
source of ATP for these organisms (Rabinowitz, I960)*
Formyl Group transfer.
Although a study of the relationship between purine 
and folic acid metabolism in bacteria was responsible for the 
first suggestion of the role of folic acid (Shive et al*, 
1947)* there has been no systematic study of the pathway 
of purine biosynthesis in bacteria* It is possible, 
however, that it is identical or almost identical to the 
pathway in avian liver which has been studied in detail by 
Buchanan and co-workers (Hartman and Buchanan, 1959b)* In 
avian liver, folate-H^ is a coenzyme in two synthetic 
steps catalysed each by an appropriate transformylase 
(see Fig. 1.8) —  the substitution of a formyl group on to 
glycinamide ribotide and also on to 5-aniino-4~imidazole 
carboxamide ribotide so that the one-carbon atoms so 
incorporated become carbons 8 and 2, respectively, of the 
purine ring* The folate-H^ derivative which acts as the
C H , -  NH, 
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immediate formyl donor is different for the two reactions :
5110-methenyl-f olate-H^ is the donor to glycinamide 
ribotide and 10— formyl—folate— is the donor to
4- imidazole carboxamide ribotide (Hartman and Buchanan, 
1959a).
Indirect evidence indicates that a folic acid 
derivative is concerned in E• coli in a reaction identical 
or similar to the formylation of 5-amino-4-imidazole 
carboxamide ribotide* Under conditions, such as sulphonamide 
bacteriostasis, which limit the availability of folic acid,
5- amino-4-imidazole carboxamide accumulates in the culture 
medium of E. coli (Shive et al., 1947). When milder 
conditions of isolation were used, the riboside of this base, 
together with a small amount of the ribotide, was isolated 
from the sulphonamide—inhibited culture (Greenberg and 
Spilman, 1956). It was concluded, therefore, that the 
actual intermediate which accumulates is the ribotide and 
that this is subsequently converted to the riboside by a 
phosphatase. 5”Amino—4—imidazole carboxamide also 
accumulates when growth is inhibited by 4—amino—4—deoxy— 
folic acid (Woolley and Pringle, 1950) and when mutant 
strains of E* coli requiring p—aminobenzoic acid sure grown 
in the presence of limiting amounts of this factor (Gots
and Chu, 1952).
The ribotide and riboside derivatives of formyl—
glycinamide can be detected in cultures of E .  coli when 
growth is inhibited by azaserine (Tomisek, Kelly and 
Skipper, 1956), an observation which suggests that fo la te- 
H/j.“dependent formylation of glycinaraide ribotide also 
occurs in  E .  c o li .
Conclusion
A summary in  Fig. 1.9 shows the enzymic reactions 
concerned in the formation of metabolic ally -active 
derivatives of folate-H^, th e ir interconversion and th e ir  
partic ipa tion  in  the biosynthesis of purines, methionine, 
serine and 5-hydroxymethyl-dCMP. The dotted lines indicate 
that there is  no d irec t evidence for the occurrence in  
bacteria  of the reaction concerned.
The elucidation of th is pattern of reactions has 
explained the data obtained from e a r lie r  isotopic 
experiments which indicated the free interchange of 
”la b ile ” carbon atoms in  various metabolites. However, the 
detailed  mechanism of most of these reactions has yet to 
be determined*
The experimental work reported in  th is  thesis is  a 
study of the de novo synthesis of the methyl group of 
thymine from the hydroxymethyl group of serine. An enzyme 
system catalysing th is reaction has been iso la ted  from 
Strep, faecal is  R and the optimum conditions for the 
synthesis of dTMP have been studied. In addition,
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elucidation of the mechanism of the reaction has been 
attempted. In the course of this work, the presence of 
dihydrofolic reductase in Strep« faecalis R was noted. 
This enzyme has also been isolated, purified and its  
properties studied.
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CHAPTER I I
STUDIES ON 111YMIDYLATE SYNTHETASE IN 
CELL-FREE EXTRACTS OF STREPTOCOCCUS FAECALIS R
Introduction
The biosynthesis of dTMP from dUMP in ce ll-free  
ex tracts of bacteria  has been studied with preparations 
from Escherichia coli (Friedkin and Kornberg, 1957»
Bimie and Crosbie, 195ÖJ Flaks and Cohen, 1959a) and 
the system is referred  to as thymidylate synthetase*
Flaks and Cohen (1959a) found that the amount of 
thymidylate synthetase in  E. coli could be increased 
7—fold by infection  of the ce lls  with one of the T-even 
bacteriophages*
dUMP appears to be the pyrimidine substrate for the 
reaction . However, Birnie and Crosbie (1958) reported 
that deoxyuridine in  the presence of ATP, was converted 
to dTMP and thymidine. Flaks and Cohen (1959a) also, 
found that some extracts from E. coli could u t i l is e  
deoxyuridine in addition to dUMP for the synthesis of 
dTMP. Since incubation with both deoxyuridine and dUMP 
did not increase the ac tiv ity  over that present when 
e ither substance was present alone, deoxyuridine is 
probably converted to dUMP, which is  the substrate for 
thymidylate synthetase (Flaks and Cohen, 1959a).
The source of the methyl group of dTMP in these
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experiments was eitlier serine (Friedkin and Kornberg,
1957» Birnie and Crosbie, 1958) or formaldehyde (Flaks
and Cohen, 1959a)* In each case, folate-H^ was found
essential for the reaction and it appears probable that
5,10-methylene-folate-H^ is the immediate precursor of
the methyl group of dTMP. Thus, Friedkin and Kornberg
(1957) found that both serine and folate-H^ could be
replaced by 5»10-methylene-folate-H^ generated by the
non-enzymic reaction between formaldehyde and folate-H^
(Blakley, 1958). Although formate-C^ is not a precursor
of the methyl group of thymine in E. coli (Crosbie, 1958),
growing cultures of Lactobacillus leichmannii incorporated
it into DNA-thymine (Dinning, Allen, Young and Day, 1958).
DNA-thymine was also labelled when L. leichmannii was
14 14grown in the presence of glycine-l-C , glycine-2—C or
14methionine-methyl-C • Presumably in intact cells of 
L. leichmannii the labelled carbon atoms of these compounds 
can also be incorporated into the methylene group of 
5*10-methylene-folate-H^ and thence into the methyl 
group of dTMP*
The experiments reported in this chapter concern 
the synthesis of dTMP from dUMP by extracts of 
Streptococcus faecalis R using the hydroxymethyl group 
of dTMP. The methods of measuring dTMP synthesis and a 
study of conditions for optimum synthesis in the bacterial
extract are reported
57 .
Exi>er iment al
Organism- Streptococcus faecalis Rogers (American Type 
Culture Collection 8043) was kindly supplied by Dr, June 
Lascelles of the Department of Biochemistry, University 
of Oxford, I t  was maintained in stab culture on medium B1 
of Nimmo-Smith, Lascelles and Woods (1948), After 
incubation at 37° for 24 h r,, the cultures were stored 
at 4° for a month, when a further transfer was made.
Growth of ce lls— Cells for the preparation of the 
extract were grown in a medium similar to that of Wood 
and Gunsalus (1951)» of the following composition: 
yeast extract (Difco), 1$; tryptose (Difco), 1$; K2HP0 ,^ 
0,5/°» glucose, 0.3$. The medium (except glucose) was 
ste rilized  by autoclaving at 1 3  lb, per sq. in. for 20 min, 
A solution of glucose, which had been autoclaved 
separately, was added aseptically after s te riliza tion , 
and the medium then inoculated from a freshly grown 
stock culture. After 18 hr. incubation at 37° the 
resulting culture was used as inoculum for 10 times i ts  
volume of non—ste rile  medium of the same composition.
This culture was incubated at 37° un til the turbidity 
reached approximately half the maximum value attainable, 
so that the culture was in the logarithmic phase of 
growth. The cells were harvested by centrifuging and
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washed once by resuspension in a volume or 0.01 M 
N-ethylinorpholine, pH 7*4, equal to 10$ of the culture 
volume,
PreTJaration of the extract- The washed cells 
(approximately 12 g, cell paste) were suspended in 50 ml. 
0.1 M N-ethylmorpholine, pH 7*4, and treated in a Raytheon 
250 watt, 10 Kc, sonic oscillator for 40 min. This period 
of treatment was selected after determining the breakage 
of the cells by measuring the turbidity of diluted 
samples at various time intervals. The results are shown 
in Fig. II. 1 and it may be seen that maximum breakage is 
attained after approx. 40 min. sonication. Sonication of 
the cells and all subsequent steps were carried out at 
0-5°. The suspension was centrifuged for 20 min. at 
12,000 g and the sedimented pellet discarded. When a 
portion of the supernatant was diluted with 0.1 M NaOH 
the ultraviolet spectrum shown in Fig. II.2 was obtained 
(curve 1, X 257 mM-).
Dialysis of the extract overnight against 0,01 M 
N-ethylmorpholine, pH 7*4, changed the spectrum only 
slightly (Fig. II.2, curve 2). The nucleic acids which 
were shown to be present by this spectrum were removed 
by treatment with streptomycin sulphate, A 20$ solution 
of streptomycin sulphate was added slowly to the extract 
with mechanical stirring, the precipitate removed by
IC^OOO
5,000
TIME CMIN.)
Fig* JI*1* Effect of sonication on the turbidity of a 
cell suspension* Approx* 12 g. of cell paste were 
suspended in 50 ml* of 0*1 M N-ethylmorpholine buffer, 
pH 7 »2, and treated in a Raytheon 250 watt, 10 Kc, sonic 
oscillator* The turbidity was determined at various time 
intervals by diluting a sample in water and measuring its 
turbidity in an EEL nephelometer.
Fig» XI«2, Absorption spectra of extracts of Strep» 
faecalis R, diluted 300-fold in 0»1 N NaOH» 1» Untreated 
extract» 2» Extract after dialysis overnight against 
0«01 M N-ethylmorpholine, pH 7*4» 3* Supernatant after
addition of 0,03 volumes of 20$ streptomycin sulphate 
to the dialysed extract» 4» Supernatant from streptomycin 
treatment after dialysis overnight against 0»01 M N-ethyl- 
morpholine, pH 7*4» 5* Dialysed supernatant from
streptomycin treatment after treatment with Dowex-1-
chloride
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centrifuging at 12,000 £ for 20 min. and the ultraviolet 
spectrum examined as before. This process was repeated 
un til the extinction maximum at 2 5 7  mM- had disappeared 
as shown in Fig. I I .2, curve 3* Approximately 0.03 
volumes of 20$ streptomycin sulphate were required. The 
supernatant was dialysed overnight against 0.01 M 
N-e thylmorpholine, pH 7 *4 , to remove excess streptomycin 
sulphate; the dialysed extract, when diluted as before, 
had the spectrum shown in Fig. I I . 2, curve 4 . The 
extract was then stirred  for 10 min. with Dovex-l-chloride 
(200-400 mesh, 100 mg./ml. of extract) to remove acidic 
cofactors and centrifuged to remove the resin. A diluted 
sample of the supernatant showed the spectrum in Fig. I I . 2, 
curve 5* The extract showed no significant loss in 
activ ity  at 4° during periods of up to 6 weeks. It 
contained 6-12 mg. of protein per ml., about 70$ of that 
in the untreated extract with specific activ ity  of 30-80 
mfhnoles dTMP per mg. protein per hr. under the conditions 
of Table I I . 3.
Procedure for studying dTMP synthesis- dTMP-C^H  ^
synthesized enzymically from L-serine-3-C^4 of known
specific activ ity  was mixed with 20 jlmoles of unlabelled 
dTMP, isolated by chromatographic procediires and degraded 
so as to convert the methyl group to iodoform. From a
6 o
comparison of the specific activity of the latter, 
determined by liquid scintillation counting, with the 
specific activity of the precursor serine, the amount
14of dTMP-C synthesized was calculated.
Isolation of dTMP and thymidine- dTMP was separated 
from the reaction mixture by paper chromatography. The 
boiled reaction mixture was applied to Whatman No. 3 MM 
paper along a 5 inch strip and chromatographed with 
isopropanol-HCl-H^O at 37° for approximately 18 hr. After 
drying, the dTMP was located by examining the paper under 
ultraviolet light and eluted with water by descending 
chromatography in a volume of approximately 1 ml. In the 
experiment where carrier thymidine was added in addition 
to dTMP, the boiled reaction mixture was first 
chroma to graphed on Whatman No* 3 MM paper using butanol- 
ammonia-H^O solvent. Thymidine has an R^ , of approximately 
0.5 in this solvent while dTMP and other nucleotides 
remain at the base-line. The thymidine and nucleotide 
areas were eluted separately with wrater by descending 
chromatography and the nucleotides re-applied to paper 
and chromatographed as above using isopropanol-HCl-H^O 
solvent.
Conversion of dTMP to iodoform- The methyl group of
dTMP or thymidine was converted to acetol by a
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modification of the method of Elwyn and Sprinson (195^) 
and thence to iodoform by a method based on that of 
Glass (1935) and Roberts and Friedkin (1958)* The 
reactions involved are shown in Fig* II.3*
The thymine moiety was treated with bromine water 
to form 5"t>romo-4-hydroxy-dihydrothymine and at alkaline 
pH this is converted to thymine glycol, which subsequently 
hydrolyses to acetol, urea and carbon dioxide. Since 
cations interfere with the hydrolysis of thymine glycol 
(Roberts and Friedkin, 1958)» EDTA was added to the 
reaction mixture before hydrolysis. Acetol reacts with 
hypoiodite at alkaline pH to form iodoform, in which the 
carbon atom is that originally present in the methyl 
group of thymine. Hypoiodite was generated from iodide 
and hypochlorite.
The routine procedure adopted for the conversion 
of dTMP to iodoform was as follows: To 13-20 Mmoles of
dTMP in a volume of approx. 1 ml. and at pH 5 or lower, 
saturated bromine water was added to give a faint 
permanent yellow colour (0.2-0.4 ml.) and the mixture 
kept at room temperature for not less than 1 min. 0.6 ml. 
of 0.2 M EDTA was added, followed by 0.35 ml. of 5 N NaOH, 
and the tube kept in a boiling water bath for 1 min. The 
tube was transferred to an ice-bath, cooled to approx.
15° and 1 ml. of 0.1 M potassium iodide was added
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Fig, IT.3« Conversion of dTMP to acetol.
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deoxyribonuoleotide,
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followed by 0*1 ml. of 1.5 M sodium hypochlorite, the 
contents mixed and allowed to stand in an ice-bath for 
5 min. The precipitate was centrifuged down and washed 
twice by resuspension in 3 ml. portions of ice-cold water.
To establish that optimum conditions were being 
used in this procedure, various tests were carried out: 
Treatment with bromine water— This step was examined to 
determine the time necessary for the complete conversion 
of dTMP to the corresponding 5-kromo—4-hydroxy- 
dihydrothymine derivative. After addition of bromine 
water to a solution of dTMP the absorption maximum at 
26? mfi of dTMP disappeared due to formation of the 
dihydrothymine derivative (which has an absorption 
maximum below 220 mh)* Since bromine absorbs in the 
ultraviolet range, before observation of spectra in these 
experiments free bromine was removed from the solution by 
directing a jet of air on to the surface of the solution 
for approx. 10 min. before the spectrophotometric 
examination. The change in the pyrimidine spectrum was 
used to determine the rate of reaction of bromine with 
thymidine as follows: A sample (0.05 ml.), from a
solution of 19*6 Mmoles of thymidine in 3 ml. of 0.3 M 
HC1, was diluted to 3.5 ml. with 0.01 N HC1 and the 
spectrum recorded. Saturated bromine water (0.2 ml.) was 
then added to the remainder of the thymidine solution apd
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the mixture kept at 20° for 1 min* A sample diluted as 
before in 0*01 N HC1 was freed from bromine by a current 
of air* Examination of tlie spectrum showed that the 
absorption maximum at 267 m(-l had completely disappeared 
as shown in Fig* 11*4 and that the reaction was therefore 
complete in 1 min* under these experimental conditions*
To check whether excess bromine interfered with 
subsequent steps in the degradation method, four samples 
of thymidine were treated with bromine water, the excess 
bromine removed from two of the reaction mixtures, the 
degradation method completed and the amount of iodoform 
from each measured as described later* The other two 
samples were degraded to iodoform without removing excess 
bromine. The results recorded in Table 11,1 indicate 
that the yield of iodoform is not significantly less when 
the excess bromine has not been removed*
Hydrolysis of 5-bromo-4-hydroxy-dihydrothymine derivatives 
to acetol*. Since it is possible that acetol is unstable 
under the conditions used for its formation, the time of 
hydrolysis of its precursors may be critical* The optimum 
time of hydrolysis was investigated by treating four 
samples with bromine water, before adding EDTA and NaOH 
to each. The samples were then incubated under various 
conditions (Table 11*2) and the yields of iodoform 
determined. It may be seen from Table 11*2 that hydrolysis
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Fig» II.4. Effect of treatment with bromine water on 
the spectrum of thymidine. Curve 1. Spectrum of a 
sample, diluted 70-fold in 0.01 N HC1, from a solution 
containing 19*6 |!moles of thymidine in 3*0 ml. of 
0.3 M HC1. Curve 2. Spectrum of a sample, diluted as 
before, after treatment with bromine water and removal of
excess bromine as described in the text
Table XI, 1 . Effect of excess bromine on the formation
of iodoform
Iodoform
mg.
Bromine removed 2*21
" " 2*45
Bromine not removed 2.21
M " " 1.54
20 fimoles of thymidine in 1 ml. of 0.1 N HC1 were 
treated with 0.2 ml. of saturated bromine water for 
1 min. at 20°. The excess bromine was removed by 
blowing air onto the surface of the solution for 
10 min. The degradation to iodoform was completed as 
described in the text.
Table II»2. Hydrolysis of 5-bromo~4-hvdroxy~
dihydrothymine deoxyribonucleotide to acetol
Tube Conditions of hydrolysis Iodoform
mg*
1 v Incubated at 37°  for 1 hr. 0
2 Incubated at 37°  for 1 hr. 0
3 Heated in a boiling water bath
for 1 min. 2*93
h Heated in a boiling water bath
for 3 min. 1.68
Each tube contained 20 jimoles of dTMP in 1 ml. of 
1 N HC1. 0.2 ml. of saturated bromine water was 
added and the tubes were allowed to stand at room 
temperature for 1 min. 0.6 ml. of 0.2 M EDTA and 
0.25 ml. of 5 N NaOH were then added to each and the 
samples hydrolysed under the conditions indicated above. 
The conversion to iodoform was completed as described in 
the text, except in the case of tube 2 when 1 ml. of 
0.1 M potassium iodide and 0.1 ml. of 1.5 M sodium 
hypochlorite were present during the period of
hydrolysis
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for 1 min. at 100°, as used in the standard procedure, 
gave the highest yield of iodoform.
Determination of the specific activity of the iodoform-
The radioactivity of the iodoform was determined by liquid
scintillation counting using a Packard Tricarb liquid
scintillation counter. A counting window of 10-50 volts
and photomultiplier voltage giving maximum counts in this
14range were used. Efficiency was approx. 52fo for C 
under the se co ndi ti ons •
The scintillator solution consisted of 2,5- 
diphenyloxazole (6 g./l.) and l,4-bis-2~(5-phenyloxazolyl)- 
benzene (0.15 g./l.) dissolved in toluene.
The sample of washed iodoform obtained by degradation 
of thymidine or dTMP was dissolved in 6 ml. of cold 
toluene, centrifuged in the cold to remove traces of 
water and the supernatant solution transferred to a 
clean tube. Since iodoform dissolved in toluene is 
decomposed by light the solutions were protected from light 
by covering the tubes with black paper. 8 ml. of the 
scintillator solution were pipetted into a counting vial 
and the background count for 1 min. determined. This was 
always less than 20. A 4 ml. portion (3*46 g.) of the 
iodoform solution was weighed under artificial illumination 
into the vial. After mixing and cooling to 0° the 
radioactivity of the sample was determined.
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The possibility that iodoform might have a quenching 
effect on the scintillation system was tested in the 
following way: A solution of radioactive benzoic acid
was counted and increasing amounts of unlabelled iodoform 
(in toluene) were added, a count being recorded after 
each addition. The results (Fig, 11,5) showed that, 
providing the voltage of the photomultiplier was set to 
give the maximum number of pulses over the range 10-50 
volts, the quenching effect of up to 2 mg, of iodoform 
was negligible. It was found that the appropriate 
photomultiplier setting was 980 volts.
The amount of iodoform in the toluene solution to
be counted was determined using the ultraviolet absorption
of iodoform dissolved in toluene (Fig* II.6). The
lhextinction of a diluted sample of the C iodoform was 
determined and the concentration calculated from the 
value of the molecular extinction at 348.5 m|i shown in 
Fig, II.6* The specific radioactivity of the iodoform was 
then determined and the amount of dTMP synthesized 
calculated as follows. If the specific activity of the
14serine-3-C used is S counts per min. per J-lmole of 
serine when counted under the experimental conditions, 
the specific activity of the dTMP synthesized from it 
and of the iodoform to which it was degraded will also 
be S counts per min. per jimole. After addition of the
-  0.7
IODOFORM ADDED (MG)
Fig» 11,5» Quenching effect of iodoform. The specific
14activity  of a standard sample of C -benzoic acid 
counted in the standard sc in tilla to r solution in  the 
presence of various amounts of iodoform. 0, photomultiplier 
voltage 900 V; •, photomultiplier voltage 980 V. (The 
la tte r  voltage gave the maximum number of counts).
400
WAVELENGTH (WLl)
Fife« 11*6» Absorption spectrum of iodoform dissolved 
in toluene: concentration of iodoform, 0*132  mg* per ml.
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20 M-moles of carrier clTMP at the end of the incubation
period, the mixed dTMP will have specific activ ity
S. x_____ counts per min* per fi-mole, where x is the
x + 20
number of jlmoles of dTMP synthesized from serine. If  x
is very small compared with the 20 (imoles of carrier
added, the specific activ ity  of the mixed dTMP
approximates S. x . The observed specific ac tiv ity
20
of the iodoform, I counts per min. per (imole, then gives 
the amount of synthesis from the relationship I = S. __x
or x = 2j0 .1 . 
S
20
Protein concentration was measured by the biuret method 
of Gornall, Bardawill and David (1949)«
Measurement of absorption spectra- This was carried out 
using a Beckman DK2 ratio  recording spectrophotometer. 
Materials- dCMP and thymidine were obtained from the 
California Corporation for Biochemical Research (Los 
Angeles, California, U.S.A.). Adenosinetriphosphate was 
obtained from the Sigma Chemical Co. (St. Louis, Missouri, 
U.S.A.). dTMP was obtained both from the California 
Corporation for Biochemical Research and from the Sigma 
Chemical Co. When received as the calcium sa lt i t  was 
converted to the sodium salt as follows. The calcium 
salt was dissolved in one equivalent of dilute formic 
acid and the solution pipetted onto a column of Dowex-50
(200-400 mesh, H+ form, 1 x 14 cm*)» The column was 
washed with water until all the dTMP had been eluted 
(E at 260 mp <C O.l) and the combined washings 
concentrated by distillation under reduced pressure and 
finally dried at 0*02 mm Hg pressure. The residue was 
dissolved in a small volume of water, neutralized with 
N NaOH and water added to bring the concentration of 
dTMP to 0*2 M as determined spectrophotometrie ally (using 
9*6 x 10^ for e at 267 rap).
dUMP was prepared from dCMP by a modification of the 
method used by MacNutt (1952) for the preparation of 
deoxyuridine from deoxycytidine. 500 mg* of dCMP were
dissolved in 3*2 ml* of water and 1*1 g* of sodium nitrite 
and 1*1 ml* of glacial acetic acid were added* After 
keeping the mixture 8 hr. at 24°, 0*3 g. of sodium nitrite 
and 0*6 ml* of glacial acetic acid were added and the 
mixture kept at 24° for a further 12 hr* The solution was 
then evaporated to dryness in vacuo, 22 ml* of water added 
and the solution again taken to dryness. The residue was 
dissolved in 130 ml* of water and passed through a column 
of Dowex—50 (200—400 mesh, H* form, 3 x 6  cm*)* The 
resin was washed with water until complete elution of the 
nucleotides was achieved (E at 260 rap <  0.1), and the 
combined washings evaporated to dryness in vacuo and dried
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at 0.02 mm Hg pressure for 4-6 hr. The residue was
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dissolved in a few ml* of water and brought to pH 10 by 
dropwise addition of 5 N NaOH* This solution was 
applied to a column of Dowex-1-formate (100-200 mesh,
1*5 x 10 cm*) and the column washed with 0*15 N formic 
acid until no further pyrimidine derivatives appeared in 
the effluent (®260 <  0*1 )• The ©luting solution was 
changed to 0*01 N formic acid containing 0*05 M anxnonium 
formate and elution continued until the effluent had 
E^6o <^0*2. This second effluent was evaporated to 
dryness in vacuo and then heated to 70° at 0*02 mm Hg 
pressure to sublime off the ammonium formate. The residue 
was dissolved in water, neutralized by dropwise addition 
of 5 N NaOH and the concentration adjusted to 0*1 M by 
addition of water. Measurement of the concentration was 
performed spectrophotometrieally using a value of 
10.2 x 10** for e at 262 m|i (Chargaff and Davidson, 1955)» 
Pyridoxal phosphate was a gift from Dr* A#L.
Morrison of Roche Products; 2,3-dimercaptopropanol was 
obtained from Bios Laboratories Inc. , New York; and 
N-ethylmorpholine from Eastman Organic Chemicals, New York, 
U.S.A. Before use the latter was distilled under reduced 
pressure; for preparation of buffers, the pH of the 
solution was adjusted by addition of HC1* Concentration 
values given in the text for the buffer refer to 
N-ethylmorpholine•
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Folate-H^ was prepared by catalytic hydrogenation 
of commercial folic acid purified as described by Blakley 
(1957a), AdamTs catalyst (50 mg.) was suspended in 
0.5 ml* of water and saturated with hydrogen by prolonged 
shaking under hydrogen at atmospheric pressure* Folic 
acid (191 mg*f 0*4 mmoles of the dihydrate) dissolved in 
3*0 ml* of 0*267 N NaOH was added to the catalyst in the 
reaction tube with an additional 0*5 ml. of water used to 
rinse the remaining folic acid into the tube* The 
mixture was shaken under hydrogen at atmospheric pressure 
until 0*8 mmoles of hydrogen had been taken up, as 
measured by a gas burette* During hydrogenation the 
solution was protected from light and the final solution 
was stored in the dark at 4° under hydrogen at 20 mm Hg 
pressure*
Serine transhydroxymethylase was prepared as 
described by Blakley (1959)« L-Serine-3— was 
prepared by the action of serine transhydroxymethylase
14 14on form aid ehyde-C and glycine* Paraformaldehyde«C ,
radiochemical purity 80-95$t was obtained from the
Radiochemical Centre, Amersham, England* In a typical
preparation 11*4 mg* of paraformaldehyde (0*5 mC) was
hydrolysed by heating in a sealed tube with 0*3 ml* of
water at 105° for 24 hr* It was then cooled and added
to the enzyme reaction mixture which contained in addition
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0*2 M glycine, 0,01 M NaHCO^» 0.5 mM pyridoxal phosphate, 
0*4 mM folate— and 2,400 units of serine transhydroxy- 
methylase (specific activity 68 units per mg* protein) in 
a total volume of 25 ml* (A unit of enzyme is defined as 
the amount forming 1 Jimole serine/hr* under standard 
conditions (Blakley, 1955) )♦ The air in the tube was 
displaced with N^sCO^ (95*5) and the stoppered tube 
incubated for 3 hr* at 37°• When the incubation had 
finished the reaction was stopped by the addition of 
2*5 ml* of 5 N HC1* The mixture was centrifuged and the 
supernatant applied to a column of Dowex—50 resin 
(H+ form, 100-200 mesh, 4 x 60 cm*)« The resin was 
eluted with 0.5 N HC1 and the effluent collected in 25 ml* 
fractions. Serine, which precedes glycine from the 
column, was detected by the ninhydrin reaction and was 
located in tubes 110—134* These fractions were combined, 
evaporated to dryness in vacuo and the residue redissolved 
in water and again evaporated to dryness several times* 
Traces of HC1 were finally removed at 0*02 mm Hg pressure* 
The residue was dissolved in water and the concentration 
determined by the ninhydrin method of Spies (1957). To 
determine radioactivity a sample was diluted a hundred-fold 
with absolute ethanol and 0.05 ml. samples of this 
ethanolic solution added to 15 ml* of scintillator 
solution in counting vials. The radioactivity was
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measured with the photomultiplier voltage giving 
maximum counts in the 10-50 volt range,
Russell viper venom was obtained as a frozen dried 
preparation from the Haffkine Institute, Bombay, India.
Hyamine (l M in methanol), 2,5-diphenyloxazole and 
1,4-bis--2-(5-phenyloxazolyl)-benzene were obtained from 
the Packard Instrument Co., Inc., La Grange, Illinois, 
U.S.A.
Chromatographic solvents— The compositions of the 
solvents for chromatography were as follows:
Isopropanol-HCl-H^O : Isopropanol 170 ml., cone.
HC1 41 ml«, H^O 39 ml. Butanol-ammonia-H^O : 100 ml« 
of n-butanol saturated with water were shaken with 1 ml. 
of ammonium hydroxide (approx* 25$ ammonia w/v), 
Tetrahydrofurfuryl alcohol : Isoamyl alcohol 100 ml., 
tetrahydrofhrfuryl alcohol 100 ml., 0.08 M potassium 
citrate buffer (pH 3.02) 100 ml. Ammonia-HgO : Water 
adjusted to pH 10 by the addition of ammonium hydroxide.
Results
Under the experimental conditions selected the 
extracts prepared from Strep, faecalis R synthesized 
dTMP from dUMP using the hydroxymethyl group of serine as 
precursor of the thymine-methyl group. The evidence for 
this is that after addition of carrier dTMP, iodofarm-C^ 
was produced by a chemical degradation procedure yielding
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iodoform from the thyraine-methyl group* The enzyme system 
showed an absolute requirement for folate-H^ and for dUMP, 
as shown by the very low levels of dTMP synthesized when 
these components were omitted (Table I I .3, Expt. l)* When 
the extract was inactivated by heat, the level of apparent 
synthesis of dTMP (Table 11*3» Expt. 2) was insignificant.
2 ,3-biinercaptopropanol stimulated synthesis about two-fold, 
probably by protecting folate-H^ from decomposition by 
oxygen (Blakley, 1958). Since the formation of dTMP-methyl 
from the hydroxymethyl group of serine probably involves the 
intermediate formation of 5»10-methylene-folate-H^, rabbit 
serine transhydroxymethylase, which catalyses the transfer 
of the hydroxymethyl group to folate-H,^ (Blakley, 1958), 
was added to the reaction mixtiire. When no rabbit serine 
transhydroxymethylase was added to the system a considerable 
amount of dTMP was synthesized (Table 11*3, Expt. 1 and 
Table II .4 ) , indicating the probable presence of a 
bacterial serine transhydroxymethylase in the extract. 
However, addition of a large amount of rabbit serine 
transhydroxymethylase increased dTMP synthesis two-fold 
(Table I I . 3» Expt. 1 and Table II .4 ) . When a large amount 
of rabbit serine transhydroxymethylase was added, 
pyridoxal phosphate produced no stimulation of dTMP 
synthesis (Tables I I . 3 and 11*4), since rabbit serine 
transhydroxymethylase does not have an absolute requirement
Table XI»3 * Requirements for dTMP synthesis
dTMP synthesized 
mjimoles
Expt• 1 Complete system 101
Less dUMP 7
Less folate-H^ 5
Less 2,3-dimercaptopropanol 46
Less serine transhydroxy» 
me thylase 34
Less pyridoxal phosphate 110
Expt. 2 Complete system 182
Complete system, boiled 
extract 6
The complete system (total vol. 1 ml*) contained
145 l-lmoles of dUMP, 5*35 Mmoles of L-serine— 3-C 
(4.96 x 10^ counts per min*), 5 jhnoles dl-folate-H^, 
2*5 M-moles 2,3-dimercaptopropanol, l60 units serine 
transhydroxymethylase, 0*5 M>moles pyridoxal phosphate, 
0*1 M N-ethylmorpholine buffer, pH 7*8* and 2*91 mg. 
of bacterial protein. After displacing air from the 
tubes with N2 they were stoppered and incubated at 
37°  for 1 hr. Each result in this and later tables is 
the mean of duplicates.
Table II«4» Effects of pyridoxal phosphate and
serine transhydroxymethylase on dTMP synthesis
Additions dTMP synthesized 
mfimoles
None 19
Pyridoxal phosphate 104
Transhydroxyme thylase 296
Transhydroxyme thylase and pyridoxal
phosphate 280
The experimental conditions and the components of the 
reaction mixture were as described for the complete 
system in Table 11.3» with the following exceptions: 
pyridoxal phosphate (0.5 {hnoles ) and serine transhydroxy­
me thylase (121 units) were added as indicated; the 
reaction mixture contained 4*52 mg. of bacterial protein; 
and the pH was 8.4.
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for pyridoxal phosphate (Blakley, 1955). In the absence 
of rabbit serine transhydroxymethylase, pyridoxal phosphate 
caused a five-fold stimulation of dTMP synthesis (Table 
II.4), presumably by activating the bacterial serine 
transhydroxyme thylase•
Specificity of enzyme system for dUMP- In addition to 
dUMP, dCMP and deoxyuridine were tested as substrates 
for synthesis of dTMP« There was very slight synthesis 
of dTMP from dCMP and none from deoxyuridine alone or with 
added ATP (Table 11*5). However, when magnesium ions were 
added as well as ATP, dTMP was formed from deoxyuridine, 
the rate of synthesis being about one-third that obtained 
with dUMP (Table II.6).
Identity of the reaction product- The material produced 
enzymically from dUMP was considered to be dTMP-C^H^ 
since its synthesis was dependent on the presence in the
reaction mixture of folate-H^ in addition to dUMP and
14L-serine-C and since carrier dTMP added to the reaction
mixture and re—isolated by paper chromatography yielded 
radioactive iodoform on degradation* The following 
additional experiments were carried out as a check on
this identification of the product*
In order to accumulate a larger amount of the 
product the reaction was allowed to proceed for 6 hr* using 
20 times the usual volume of reaction mixture* At the end
Table II« 5« Comparison of thymidine and dTMP
synthesis from various precursors
Substrate ATP
hmoles
Thymidine
mjlmoles
dTMP
mhmoles
dUMP 0 6 182
dUMP 10 6 182
Deoxyuridine 0 5 8
Deoxyuridine 10 8 5
dCMP 0 — 17
The experimental conditions and the composition of* 
the standard system were as described for Table II.3, 
except that 131 units of serine transhydroxymethylase 
were added and the pyrimidine precursors were as
indicated
Table II,6« Comparison of thymidine and dTMP
synthesis from deoxyuridine and dUMP in the 
presence of ATP and magnesium ions
Substrate Thymidine dTMP
mfimoles mjlmole s
dUMP 39 129
De oxyur idine 9 36
The experimental conditions and the composition of the 
standard system were as described for Table 11*3# 
except that 115 units of serine transhydroxymethylase, 
10 hmoles of ATP, 5 M^moles of MgCl^ and 3*16 nig* of 
bacterial protein were added and the pyrimidine 
precursors were as indicated in the table*
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of the incubation no carrier dTMP was added but the
reaction was stopped by immersing the flask in a boiling
water bath» The reaction mixture was then passed through
a column of Dowex-50 (h + form, 200-400 mesh, 2.7 x 11 cm»)
and eluted with water to remove bases including pteridines
from the solution. The eluate was adjusted to pH 7 with
N NaOH and transferred to a column of Dowex-l-chloride
(200-400 mesh, 2.7 x 11 cm.). The column was washed with
100 ml. of 0.01 N HC1 followed by 220 ml. of 0.025 N HC1.
The elution of the product by 0.05 N HC1 was followed
spectrophotometricaJLly by determining the extinction at
260 mfl of 10 ml. fractions. Fractions with extinction
greater than 0.05 were combined and freeze-dried. The
residue was dissolved in a small volume of water and
adjusted to pH 7 with 0.1 N NaOH. The volume was made
up to approximately 10 ml. and the MdTMPtt present
determined on samples in the usual way* The solution was
found to contain 2.6 Mmoles of dTMP per ml.
Characterization of the product- (a) Spectra. The
spectrum of the nucleotide present in the solution was
examined in a sample diluted in 0.1 N HC1. This closely
resembled the spectra of dUMP and dTMP. but the X wasmax
at 263 mfJ. (cf. dTMP X_0„ 267 m|-i). Since this discrepancyulcUC
might have been caused by impurities and since nucleosides 
are more easily purified chromatographically, a portion
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of the nucleotide was converted to nucleoside by snake
venom as a preliminary to further purification, 1,5 ml,
of the solution of the product was mixed with a solution
of 10 mg, of Russell viper venom and incubated at 37° for
3 hr. This procedure was preferred to acid hydrolysis
because the latter was found to give material behaving
chromatographically in a manner similar to thymine not
only from dTMP but from related compounds, e,g, 5—hydroxy—
methyl uracil. The mixture was then transferred to
Whatman No, 3 MM paper and chromatographed with butanol-
amnionia—^ 0 solvent. The main area absorbing ultraviolet
light was eluted with water. Samples of the eluate were
diluted in 0,1 N HC1 and 0,1 N NaOH respectively and the
ultraviolet spectra examined. In both cases X wasmax
262-263 mfi. The remainder of the eluate was adjusted to 
pH 11 and applied to a column of Dowex-l-chloride (200-400 
mesh, 1 x 9  cm.) and eluted with 0.2 M NH^0H-0.025 M 
NHj^ Cl, pH 10.6, in 10 ml. fractions. The fractions with 
E260 ^  were pooled, evaporated to dryness In vacuo 
and the residue redissolved in water. A sample of this 
solution when diluted in 0.1 N HC1 had an absorption 
spectrum closely resembling that of thymidine with Xmax
at 265 mji •
To 7 ml. of the solution containing 2,6 Jlmoles of 
"dTMP” per ml., 280 flmoles of carrier dTMP were added and
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the mixture used for the following experiments*
(b) Radioautographs * A portion of the solution 
was applied to Whatman No* 3 MM paper and chromatographed 
using the isopropanol-HCl-H^O solvent in one dimension and 
the tetrahydrofurfury1 alcohol solvent in a second dimension* 
A radioautograph of the chromatogram showed that the only 
radioactive spot coincided exactly with the single 
ultraviolet absorbing spot on the chromatogram*
A portion of the solution was treated with Russell 
viper venom as before to convert the nucleotide to 
nucleoside and two-dimensional chromatography performed 
using butanol-ammonia-HgO in the first direction and 
ammonia-H^O in the second* A radioautograph again revealed 
the coincidence of the radioactive and ultraviolet 
absorbing spots on the chromatogram*
(c) Iodoform specific activity determinations. A 
portion of the solution of the nucleotide was treated with 
Russell viper venom at 37°  for several hours* The resultant 
nucleoside was isolated from the incubation mixture by 
chromatography on Whatman No. 3 MM paper using butanol- 
ammonia-H^O solvent. Samples were degraded to iodoform
and the specific activity determined and compared with the 
specific activity of iodoform obtained from the nucleotide 
solutioni
Iodoform from nucleotide, specific activity =
77.
5,280 cpm per jimole.
Iodoform from nucleoside, specific activity =
5 >370 cpm per pinole.
Comparison of overall labelling of thymidine with 
labelling of thymidine-methyl- A portion of the solution 
of nucleoside used in the preceding experiment was counted 
without degradation by the following method. The eluate 
from the chromatogram was concentrated by evaporation in 
a stream of air. Samples of 0.01 ml. of this solution 
were transferred to counting vials containing 0.5 ml. of 
1 M hyamine in methanol. 10 ml. of scintillator solution 
were added to each vial, the contents were mixed, the 
vials cooled to 0 and counted. The amount of thymidine 
in a 0.01 ml. sample was determined spectrophotometrically 
and the specific activity was calculated. The value 
obtained was 6,270 cpm per pmole. Since the iodoform 
from thymidine had 5,370 cpm per pmole, the labelling of 
the methyl group accounts for 86$ of the labelling in 
the thymidine molecule.
Investigation of thymidine formation«- The formation of 
thymidine in addition to dTMP by the bacterial extracts 
was examined (Table II.5) and it was found that in absence 
of Mg++ dTMP was the only product formed in significant 
amounts from either dUMP or deoxyuridine, in the presence 
or absence of ATP.
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When magnesium ions and ATP "were added to the system 
containing dUMP, however, thymidine was formed in addition 
to dTMP, the rate of thymidine synthesis being about one- 
third that of dTMP (Table II.6).
Effects of varying the concentrations of components of 
the reaction mixture- Various concentrations of dUMP, 
serine transhydroxymethylase, serine and folate-H^ were 
tested to establish the optimum conditions for dTMP 
synthesis with the results shown in Table IX.7. When the 
amount of dUMP was reduced to 2.5 Mmoles or increased to 
10 Mmoles from the usual level of 5 Mmoles, dTMP synthesis 
was not significantly affected. There was no significant 
effect on dTMP synthesis when the amount of serine 
transhydroxymethylase was increased from the usual level 
of 131 units to 262 units or decreased to 66 units. 
Reduction of the amount of L-serine from 5.35 Mmoles to 
2.68 Mmoles caused a slight fall in dTMP synthesis and an 
increase to 10.7 M®ol©s of L—serine caused a slight 
increase in dTMP synthesis.
Folate-H^ as prepared by catalytic hydrogenation is 
a racemic mixture because of the introduction of a new 
centre of asymmetry at carbon 6 of the pteridine ring.
The amount of dl(L)—folate— added in the standard system 
was 5 Mmoles but, since only one isomer reacts in the
t
enzymic conversion to 5»10-methylene-folate-(Blakley,
Table II,7« Effect on dTMP synthesis of varying 
concentrations of components of the standard
system
dTMP synthesized 
mMmole s
Expt. 1 Standard system 165
2.5 M-moles dUMP 160
10 flmoles dUMP 179
66 units serine
transhydroxyme thylase 162
262 units serine
transhydroxyme thylase 169
2.68 (imoles L-serine-3— 127
1410.7 l-imoles L-serine-3-C 180
Expt• 2 Standard system 147
10 M-moles folate-H^ 136
20 pmoles folate-H^ 90
The experimental conditions and the composition of the 
standard system were as described for Table II.3# 
except that 131 units of serine transhydroxymethylase
were added
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1958), the concentration of the effective isomer was 
2*5 (imoles* When the concentration of dl(L)-folate-H^ 
was increased to 10 or 20 (imoles, there was a decrease in 
the amount of dTMP synthesized* It may be concluded that 
the concentrations used in the standard system (see legend 
for Table 11*3) represent approximately the optimum levels 
for dTMP synthesis*
Effect of pH, reaction time and amount of enzyme on dTMP 
synthesis- The effect of the variation of pH on dTMP 
synthesis is shown in Fig* 11*7* Since the optimum pH was 
approximately 7*8, 0*1 M N-ethylmorpholine, pH 7*8, was 
used in the standard system* Under the optimum conditions, 
dTMP synthesis was linear over a period of 2 hr* (Fig. 11*8), 
during which time 187 mjlmoles of dTMP were synthesized*
The relationship of dTMP synthesis to the amount of protein 
present was linear (Fig* 11*9), up to the highest amount 
tested, i.e* 3 mg. of protein.
Effects of vitamin and cations- Vitamin B12 , when
added to the system, had no significant effect on dTMP 
synthesis (Table 11*8). The addition of magnesium ions 
caused a two—fold stimulation, while manganous ions also 
stimulated but to a smaller extent (Table 11*8.)
Discussion
The method introduced for the assay of dTMP synthesis 
has the advantage of the high sensitivity inherent in
T T
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Fig:« 11,7» Effect of pH on dTMP synthesis« The 
experimental conditions and composition of the reaction 
system were as described for Table II«3» except that 
2 «98 mg« of bacterial protein were used and the buffers 
were as follows: X, 0*1 M potassium phosphate; 0, 0«1 M
N-ethylmorpholine; •, 0«1 M ammediol*
2 150
TIME IN HOURS
Fig;» II«8. Relationship of dTMP synthesis to incubation 
time. The experimental conditions and composition of the 
reaction mixture were as described for Table 11,3.
MG PROTEIN
Fig« II»9» Relationship of dTMP synthesis to protein 
concentration. The experimental conditions and the 
composition of the reaction mixture were as described 
for Table II,3 » except that the protein concentration
was as shown
Table I I »8♦ Effect of vitamin B^ , magnesium 
and manganous ions on dTMP synthesis
dTMP synthesized 
mjimole s
Standard system 147 
Plus 10 |ig* vitamin 154 
Plus 5 H-moles MgCl^  301 
Plus 5 fhnoles MnCl^  217
The experimental conditions and the composition of 
the standard system were the same as for Table II*3» 
except that 131 units of serine t r anshydroxymethylase
were used
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isotopic methods as well as high specificity derived from 
the chromatographic purification of the product together 
with a fairly specific degradation procedure. The values 
obtained for blank determinations, i.e., in the absence of 
enzyme, folate-H^ or dUMP, ranged from 4-8 m^moles of dTMP 
and the usual amounts of dTMP measured ranged from 50-300 
mfimoles of dTMP.
By the use of the method it has been demonstrated
that sonic extracts of Strep« faecalis synthesize dTMP-
14 14C from dUMP and L— serine-3-C • The amount of dTMP
synthesized under optimum conditions was approximately 50
m^moles per mg. protein per hr. in the absence of Mg , and
100 m|imoles in the presence of Mg+*. The latter level of
synthesis is 20 times higher than that reported for rat
thymus extracts (Humphreys and Greenberg, 1958).
From a consideration of the requirements of the
enzyme system, from chromatographic characteristics,
radioautographic data and a comparison of the specific
activity of iodoform from the nucleotide and its derived
nucleoside in the presence of carrier, it is concluded
that the product formed from dUMP by extracts of Strep.
faecalis R as measured by the assay procedure is dTMP.
Spectrophotometric examination of the isolated reaction
product showed that while its spectrum closely resembled
that of dUMP and dTMP, the X was 263 mh* compared withmax *
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267 1*4-1 for dTMP. It was considered that this discrepancy 
was due to the presence of impurities and evidence to 
support this hypothesis was obtained as follows. After 
conversion of the nucleotide to nucleoside and further 
purification of the nucleoside on ion-exchange resin, the 
\ shifted to 265 m|l and presumably more rigorousIQdJC
purification would yield a product with a Xmax of 267 n4-l*
In view of the strong evidence obtained from other
directions, however, further purification was not attempted.
The methyl group of thymidine was shown to contain
86$ of the total radioactivity in the thymidine molecule.
The discrepancy between the radioactivity of the thymidine
molecule and that of the iodoform derived from the methyl
group may be entirely due to experimental, error and cannot
therefore be taken as a reliable indication of incorporation
14of C into other positions of the thymidine molecule.
The conversion of dUMP to dTMP occurs at the 
nucleotide level since the reaction proceeds in the absence 
of added ATP. Furthermore, under these conditions, 
deoxyuridine was not utilized and no thymidine was formed. 
However, when ATP and Mg+* were added to the system, 
deoxyuridine was converted to dTMP (but not to thymidine).
In the presence of Mg thymidine was formed from dUMP but 
in smaller amount than dTMP. These results can be explained 
by postulating: (a) formation of dUMP from deoxyuridine
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and ATP by a Mg++ activated deoxyuridine phosphoryl 
transferase, and (b) breakdown of dTMP to thymidine by 
a Mg++ activated 5 *-nucleotidase, as shown in Fig« 11,10. 
The finding that no significant amount of thymidine was 
formed from deoxyuridine, while a significant amount was 
formed from dUMP, may be due to the fact that the rate of 
formation of dTMP from deoxyuridine was about one-third 
of the rate from dUMP, so that the corresponding rate of 
thymidine formation from deoxyuridine would be negligible. 
Deoxycytidylic acid was utilized only to a limited extent 
as a substrate for the formation of dTMP. Presumably 
these extracts of Strep, faecalis R contain only small 
amounts of deoxycytidylic deaminase, an enzyme which occurs 
in growing tissues of animals (Maley and Maley, 1959» 
Scarano, Talarico, Bonaduce and De Petrocellis, i960), and 
in E. coli after infection with T^ bacteriophage (Keck, 
Mahler and Frazer, i960).
Folate-H^ was essential for the conversion of dUMP 
and carbon 3 of serine to dTMP. Since the hydroxymethyl 
group of serine is transferred by serine transhydroxy- 
methylase to folate-H^ to form 5i10-methylene-folate-H^, 
the latter is probably an intermediate in the synthesis 
of dTMP (Fig, II.IO), This assumption is supported by the 
fact that added serine transhydroxymethylase stimulated 
dTMP formation, the bacterial extracts containing a
HCHO de oxyur i dine
folate-H^
i
; ATP
5* 10-methylene-folate-H^ + dUMP ---- ► dTMP
folate-H^
t ranshydr oxy* 
methylase
- NH,
♦ H2°
CH20H.CH NH2 .COOH dCMP Thymidine
Fig. II.10
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limiting amount of this enzyme. The serine transhydroxy- 
methylase in the bacterial extracts is activated by 
pyridoxal phosphate in contrast to the same enzyme in 
rabbit liver which appears to contain pyridoxal phosphate 
firmly bound to the enzyme (Blakley, 1955).
Summary
The synthesis of thymidylate may be measured by 
14using a C precursor of the methyl group of thymidylate,
lhdiluting the thymidylate-C with a known amount of
carrier and isolating and degrading the nucleotide to yield 
14C -labelled iodoform. Extracts of Strep, faecalis have
been shown to synthesize thymidylate-C^H^ from deoxy-
14uridylate and L-serine-3-C and the optimum conditions 
for the reaction have been determined.
The identification of the reaction product as 
thymidylic acid has been confirmed by absorption spectra, 
chromatographic behaviour and radioautographs of both the 
nucleotide and the corresponding nucleoside.
Little thymidylate synthesis occurs when deoxy— 
cytidylate replaces deoxyuridylate as substrate.
Deoxyuridine is not utilized unless Mg++ and adenosine 
triphosphate are also supplied when the level of synthesis 
is about a third of that from deoxyuridylic acid. Under 
these conditions no significant amount of thymidine is 
formed, but a little is formed in the presence of Mg++ 
deoxyuridylate.
from
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CHAPTER I I I
THE ROLE OF REDUCED PYRIDINE NUCLEOTIDES 
IN RELATION TO TETRAHYDROFOLIC ACID 
Introduc tion
Folate-H^ is essential for the conversion of dUMP 
and serine (Friedkin and Korriberg, 1957) or formaldehyde 
(Flaks and Cohen, 1959a) to dTMP. Although the mechanism 
of the reaction is unknown, i t  is evident that the 
overall reaction involves two major steps: (a) transfer
of the one carbon fragment from the methyl group 
precursor to position 5 of dUMP; (b) reduction of the 
one carbon fragment from the hydroxymethyl level of 
oxidation to that of the methyl group.
The chemical identity of the immediate reductant 
in the reaction is not known. Although Birnie and 
Crosbie (1958) found that TPNH stimulated synthesis of 
dTMP with extracts of Escherichia coli. TPNH and DPNH 
were without effect in the system used by Flaks and 
Cohen (1959a). On the other hand, Humphreys and 
Greenberg (1958) have suggested that folate-H^, which is 
involved in the biosynthesis of dTMP, may act not only 
as a carrier of the one carbon fragment, but also as the 
immediate reductant of the hydroxymethyl group. The 
results they obtained in a study of dTMP synthesis from
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14dUMP and formaldehyde-C by extracts of rat thymus gland
supported this hypothesis* They reported that the amount 
of dUMP synthesized was never greater than the amount of 
active isomer of dl-folate-H^ added to the system and 
that DPNH stimulated only at sub-optimal levels of 
folate-H^* They suggested that these results could be 
explained by assuming that, in the course of dTMP synthesis, 
folate-H^ was oxidized to folate-I^, which was then 
reduced again by DPNH*
The findings of Friedkin (1959» i960) also supported 
this theory* By using folate-H^ labelled in positions 5»
6, 7 and 8 with tritium, he demonstrated that hydrogen 
from these positions of folate-H^ was incorporated into the 
methyl group of dTMP*
There is, however, an alternative hypothesis. The 
reduction of TPN by folate-H^ in the presence of dihydro- 
folic reductase has been reported by Osborn and Huennekens 
(1958) and the reductase has been reported to catalyse 
also the reaction of DPNH and folate-H^ (Futterman, 1957) 
and therefore, presumably, of DPN and folate-H^* In 
experiments where folate-H^ is the only added reducing 
agent, it is possible that folate-H^ acts by keeping in 
the reduced state catalytic amounts of DPN or TPN which 
are strongly bound to the enzyme* This bound DPNH or 
TPNH might then act as the actual reduct ant in the
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me thy la ti on reaction. Since the available evidence does 
not completely exclude the latter hypothesis, it was 
desirable to obtain more experimental evidence about the 
role of* DPNH. To this end the effect on the system of 
inhibiting dihydrofolic reductase has been studied* 
Aminopterin (4-deoxy-4-amino-folic acid) was used to 
inhibit the action of dihydrofolic reductase since it was 
shown to be a strong non-competitive inhibitor of this 
enzyme in chicken liver (Futterraan, 1957; Osborn, Freeman 
and Huennekens, 1958)* Aminopterin inhibits the growth of 
Streptococcus faecalis (Seeger, Smith and Hultquist, 1947) 
and it was therefore considered that it may also inhibit 
bacterial dihydrofolic reductase.
The stoichiometric relationships between compounds 
involved in the reaction were also studied*
Expe riment al
Preparation of enzyme extracts- The source of the enzyme 
system was Streptococcus faecalis Rogers (ATCC 8043).
Growth of cells, preparation of the extract and the method 
of studying dTMP synthesis have been described in Chapter 
II.
Materials- dUMP, dTMP, pyridoxal phosphate, 2,3-dimercapto- 
propanol, folate-H^, N-ethylmorpholine buffer, serine
transhydroxymethylase, Russell viper venom, L—serine-3—C 
and the chromatography solvent were as described in
14
87.
Chapter IX# DPNH (enzymically reduced, 90$ pure), TPNH 
(chemically reduced, 90$ pure) and glutathione (reduced 
form) were obtained from the Sigma Chemical Co., (St# Louis, 
Missouri, U.S.A.)#
Folate-was prepared by the method of Futterman 
(1957) from commercial folic acid purified as described 
by Blakley (1957a). A solution of folate-H^ in 0.005 M 
dimercaptopropanol and 0*1 M phosphate buffer, pH 7*0, 
was prepared fresh each day* It was clear and almost 
colourless when freshly prepared# Aminopterin was 
obtained from Dr# T* H* Jukes of Lederle Laboratories,
New York# It was purified by chromatography on Whatman 
No. 3 MM sheets using 0*1 M sodium acetate buffer, pH 5» 
as solvent. The aminopterin was eluted from the 
appropriate areas, the eluates adjusted to pH 5 and 
extracted five times with 2#5 vol* cf n-butanol saturated 
with water# Aminopterin was precipitated from the aqueous 
solution at 0° by adjusting to approx. pH 2 with HC1. The 
precipitate was washed thrice with 0*005 N HC1 before 
redissolving in phosphate buffer, pH 7.4* The purified 
product had absorption spectra in acid and alkali 
corresponding very closely to those reported for aminopterin 
(Seeger, Cosulich, Smith and Hultquist (1949))but paper 
chromatography showed the presence in small amounts of two 
fluorescing contaminants# The concentration of aminopterin
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was calculated from the spectrophotometric data.
Results
Possible reductants- The reaction mixture used for dTMP 
synthesis contained f o l a t e - a n d  dimercaptopropanol as 
the only likely reductants and experiments were carried 
out to find which, if either, acted as reducing agent in 
the conversion of the hydroxymethyl group of serine to 
the dTMP-methyl group by extracts of Strep, faecalis. When 
the level of folate-H^ was decreased from 5 jimoles to 100 
mjimoles, there was a considerable decrease in dTMP 
synthesis (Tables III.l and III.4). When incubated with 
100 mjimoles of dl(L)-folate-H^ (i.e. 50 mjimoles of the 
enzymically reactive isomer), for periods of 1 hr. or 
6 hr*, the formation of dTMP was always less than 50 
mjimoles (Tables III.l, III.2 and 111*4) • It appears, 
therefore, that the amount of folate-H^ added limited 
dTMP synthesis. Folate-H^ was therefore acting under 
these conditions as substrate, presumably as the direct or 
indirect hydrogen donor. Since these experiments were 
performed in the presence of 2.5 jimoles of dimercapto- 
propanol, it appears unlikely that dimercaptopropanol 
acts as a hydrogen donor in the reaction. This point was 
also tested by incubating the reaction system with 100 
mjimoles of dl(L)-folate-H^, with and without dimercapto- 
propanol (Table III.2, Expt. l). The amount of dTMP
Table III» 1» Stimulation of dTMP synthesis by DPNH
Additions dTMP synthesized
mjlmole s
5 M-moles folate-H^ 157
100 mhmoles folate—H^  24
5 l-lmoles folate-H^, 2 ^moles DPNH 161
100 mflmoles folate-H^, 2 (imoles DPNH 257
The reaction mixture (total vol, 1 ml.) contained 5 
Umoies of dUMP, 5*35 ihnoles of L-serine-3-C (4*96 x
c
10  ^ cpm* per pmole) 9 2.5 Mmoles of dimercaptopropanol,
0.5 i-lmoles of pyridoxal phosphate9 177 units of serine 
transhydroxyme thylase 9 0 .1  M N-ethylmorpholine buffer 9 
pH 7»S, and bacterial extract containing 3*4 mg. of protein. 
After displacing air from the tubes with nitrogen they 
were stoppered. The tubes were incubated at 37° for 6 hr. 
except those containing 5 Jimole amounts of folate-H^9 
which were incubated for 1 hr. Each result in this and 
later tables is the mean of duplicates.
Table 1131.2. Effect of reducing agents on dTMP
synthe sis
Additions dTMP synthesized
Expt * 1 None ( l * 5  far« incubation)
mjimoles
42
None 41
None (dimercaptopropanol omitted, 
1*5 hr* incubation) 33
None (dimercaptopropanol omitted) 33
Expt * 2 None 32
2 Jimole s DPNH 289
2 (imoles TPNH 59
2 (imoles glutathione 34
The reaction mixture and experimental conditions were as 
described for Table 111*1 except that tubes contained 
100 m(imoles of folate— 183 units of serine 
transhydro xyme thy las e and 5*2 mg* of bacterial protein* 
Dimercaptopropanol was omitted where indicated in Expt* 1. 
The incubation time was 6 hr* unless stated otherwise*
89.
synthesized was of the same order in each case, even 
after a 6 hr. incubation period.
The effects of other possible reductants on dTMP 
synthesis were also examined. In the presence of 5 M-moles 
of folate-H^, DPNH did not stimulate synthesis of dTMP 
(Table III.l). When 100 m|hnoles of folate-H^ were used, 
however, DPNH produced a marked stimulation, 257 — 302 
mfhnoles of dTMP being formed (Tables III.l, III.2 and 
III. 4 ). Using 100 mjimoles of folate-H^ in tlie reaction 
system, the effects of TPNH and glutathione were also 
examined (Table III.2, Expt. 2). TPNH stimulated synthesis 
of dTMP, but the effect was not as great as with DPNH. 
Glutathione did not stimulate dTMP synthesis.
dTMP synthesis in the presence of 100 mhmoles of 
folate-H^ and 1 jlraole of DPNH was determined at various 
time intervals and was linear (Fig. III.l) over the first 
3 hr. but started to decrease during the succeeding 3 hr. 
period.
Folate-KU as substrate- When folate-H^ replaced folate-H^ 
in the reaction system, there was no synthesis of dTMP 
(Table III.3)» hut when DPNH (2 (imoles) was added in 
addition to folate-Hg (50 mfiraoles) considerable synthesis 
was observed. TPNH also stimulated, but the effect was 
only about 30$ to 50$ of that produced by DPNH.
Effect of amino pterin— When aminopterin was added to the
reaction mixture containing 5 hwoles of folate-H^
2 00 _
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Fig* III«1 « Relationship of dTMP synthesis to incubation 
time* The conditions and the composition of the reaction 
mixture were as described for Table III*1, except that 
265 units of serine transhydroxymethylase, 2.9 mg. of 
bacterial protein, 100 m{lmoles of dl-folate-H^ and
1 jlmole of DPNH were added
Table III»3« dTMP Synthesis in the presence of folate-H,
Additions dTMP synthesized
miimole s
Expt * 1 None 5
Folate-Hg 4
DPNH + folate-H^ 280
Expt * 2 Folate-Hg 8
TPNH + folate-H^ 138
Expt • 3 Folate-Hg 8
DPNH ♦ folate-Hg 376
DPNH + folate-fig + aminopterin 9
The reaction mixture and experimental conditions were 
as described for Table XII«1 except that 50 mfimoles of 
folate-Hg, 2 jimoles of DPNH, 2 pmoles of TPNH and 50 
m|imoles of aminopterin were added as indicated* The 
time of incubation was 6 hr.
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there was no effect on dTMP synthesis (Table III*4)* 
Similarly, when 0*1 (imoles of folate-H^ were used, the 
presence of aminopterin did not produce any significant 
decrease in dTMP synthesis* However, when aminopterin 
was added to the system containing 0*1 (Amoles of folate~H^ 
and DPNH (2 (imoles), it produced a marked inhibition, 
dTMP synthesis being decreased to the level obtained when 
the system contained 0*1 (imoles of folate-H^ but no DPNH* 
Similar results were obtained when folate-H^ was 
replaced by folate-^ in the reaction mixture (Table 
III*3)• With 50 mfimoles of folate-H^ and DPNH (2 (imoles) 
a considerable synthesis of dTMP was obtained, but this 
was completely inhibited by aminopterin*
Relationship of dTMP formed to folate-H^ added- When 50 
m(imoles of the active isomer of dl(L)-folate-H^ were 
added to the reaction mixture, the amount of dTMP formed 
varied from 33 to 45 mfimoles after 1 - 1*5 hr* incubation 
(Tables 111*2 and III*4) and no increase in dTMP synthesis 
was obtained by incubating for a further 4*5 hr. (Table 
111*2, Expt* l)* This represents a synthesis of up to 
90# of the amount of dTMP theoretically obtainable if 
folate-H^ is a substrate. The variation in the amount of 
dTMP formed is probably due to the occurrence of a variable 
amount of decomposition of folate-H^*
Relationship between dUMP disappearance and dTMP formation-
Table I I I «4« Effect of aminopterin on dTMP synthesis
Additions dTMP synthesized 
mjimoles
5 jimole s folate-H^ 142
5 jimole s folate-H^, 0*072 jimole
aminopterin 138
0*1 jimole folate-H^ 45
0*1 jimole folate-H^, 0*05 jimole
aminopterin 37
0*1 jimole folate—H^ , 2 jimoles DPNH 302
0*1 jimole folate-H^, 2 jimoles DPNH,
0 .05  jimole aminopterin 39
The reaction mixture and experimental conditions were 
as described for Table I I I . l  except that tubes contained 
2.91 mg. of bacterial protein. The tubes were 
incubated for 6 h r., except those containing 5 jimoles 
folate-H^, which were incubated for 1 h r.
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The stoichiometric relationship between dUMP and dTMP 
was measured by incubating the usual reaction mixture 
but with unlabelled serine. No carrier dTMP was added at 
the end of the incubation. After the reaction had been 
stopped by standing the tube in a boiling water bath for 
2 min,, the nucleotides in each sample were converted to 
nucleosides by incubation with 10 mg, of Russell viper 
venom at 37° for 4 - 5 hr. The mixture was then transferred 
to Whatman No, 3 MM paper (5 cm, streak) and chromatographed 
in butanol-ammonia solvent. After drying the paper, the 
nucleosides, located under ultraviolet light, were eluted 
and their ultraviolet absorption spectra examined at pH 2, 
The spectrum of thymidine eluted from the paper corresponded 
closely to that of the pure compound but the spectrum of the 
eluted deoxyuridine was unsatisfactory (Xmax 260 m|i). The 
deoxyuridine—containing eluate was rechromatographed in 
butanol-ammonia and after elution, the spectrum of the 
sample agreed closely with that of a sample of deoxyuridine
0,76), The amounts of eluted deoxyuridine and thymidine 
were determined from the extinction at 260 mh at pH 2,
The results, recorded in Table III«5> show that an average 
of 0,82 moles of dTMP was formed per mole of dUMP 
disappearing. It should be noted that any loss of either
commercially available max e250
®260
Table III,5« Relationship of dTMP synthesis to
dUMP disappearance
Tube no• dUMP disappearance dTMP formed dTMP formed
Mmoles (imoles dUMP disappeared
1 2.18 1.73 0.79
2 1.99 1.76 0.84
The experimental conditions and the reaction mixture were
as described for Table III« 1 except that 5 M-moles of
14unlabelled L-serine replaced L-serine-3-C and that 
5 fimoles of MgCl2 , 5 l^moles of folate-H^# 99 units of 
serine transhydroxymethylase and 9*61 mg. of bacterial 
protein were added* The time of incubation was 2 hr«
92
de oxyuridine or thymidine during the chroma to graphic 
separation would decrease the value of this result which 
may therefore be taken to indicate that there is a 1:1 
relationship between dTJMP disappearance and dTMP 
formation*
Reversal of dTMP synthesis- The possible reversal of
dTMP synthesis was investigated by examining the
14incorporation of label from L—serine-3—C into the methyl
group of dTMP when dUMP was replaced in the reaction
mixture by dTMP* If the reaction is reversible, then the
dUMP formed from added dTMP would receive a labelled
methyl group from the labelled serine, thus giving rise 
14to dTMP-C H^* The results of this experiment are shown 
in Table 111*6* In the absence of both dUMP and dTMP a 
negligible amount of dTMP was formed* With the usual 
reaction mixture, containing 5 M-moles of dUMP, a high 
level of dTMP synthesis occurred but there was none when 
dUMP was replaced by 20 jlmoles of dTMP in the reaction 
mixture*
Dis cussion
It has been shown previously that folate-H^ acts as 
a carrier of one carbon fragments: folate-H^ might
therefore be expected to play a catalytic role in dTMP 
synthesis* The experiments reported here, however, 
demonstrated that folate-H^ acts as a substrate in the
Table III*6* Reversal of dTMP synthesis
Additions dTMP synthesized
mjlmoles
None 5
5 Jimoles dUMP 667
20 ilmoles dTMP 5
The experimental conditions and the reaction mixture
were the same as described for Table I I I . l  except
that 5 ^moles of dUMP or 20 (Imoles of dTMP were added
14as indicated, and that 5 IHnoles of L-serine-3-C 
(9*25 x 10k cpm. per flmole) , 5 hmoles of MgClg and 
6 *93 nig. of bacterial protein were added* At the end 
of the incubation period of 1 hr. 20 Ilmoles of dTMP 
were added to tubes in which i t  was not already present*
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formation of the dTMP methyl group. Presumably, as 
suggested by Humphreys and Greenberg (1958), its function 
as a sübsträte is to reduce the hydroxymethyl group 
derived from serine or formaldehyde to the methyl group 
of dTMP with the concomitant oxidation of folate-H^ to 
folate-H^. Humphreys and Greenberg (1958) also suggested 
that in the presence of DPNH a dihydrofolic reductase 
regenerated folate-H^ from folate-H^, since they found 
that DPNH stimulated the synthesis of dTMP by extracts of 
rat thymus gland only at sub-optimal levels of folate—H^. 
Although a pyridine nucleotide-linked dihydrofolic 
reductase has not previously been reported in bacteria, 
similar results were obtained in experiments with Strep. 
faecalis. Moreover, in this case the stimulation by DPNH 
was so great that the amount of dTMP synthesized was 
5 - 6  times the amount of folate-H^ present. For the 
first time, therefore, a system has been obtained in which 
folate-H^ acts catalytically in the synthesis of dTMP.
Since aminopterin is a powerful inhibitor of the 
reduction of folate-H^ to folate-H^ by dihydrofolic 
reductase in animal tissues (Futterman, 1957» Osborn, 
Freeman and Huennekens, 1958), the effect of aminopterin 
on dTMP synthesis by extracts of Strep, faecalis was 
examined. In the absence of DPNH, aminopterin did not 
affect the synthesis of dTMP and hence aminopterin does
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not inhibit thymidylic acid synthesis* In the presence of 
DPNH and catalytic amounts of folate-H^, aminopterin 
completely abolished the extra synthesis due to DPNH, 
decreasing the amount of dTMP formed to a level never in 
excess of the amount of the active isomer of folate-H^ 
added* When folate-H^ was replaced by folate-Hg and DPNH, 
aminopterin completely inhibited dTMP synthesis* These 
results indicate that DPNH acts by regenerating folate-H^ 
from folate-H^ rather than as a more immediate reductant 
in the methylation reaction.
With 50 mjimoles of the active isomer of folate-H^, 
the amount of dTMP formed after incubating for 1*5 hr• was 
not increased when the period of incubation was extended to 
6 hr., indicating that reaction had ceased at 1*5 hr* The 
amount of dTMP synthesized when the reaction had reached 
completion was up to 90$ of the amount of the active isomer 
of folate-H^ added* The amount of dTMP synthesized was 
approx* equivalent to the amount of dUMP which disappeared. 
The results of these studies on the stoichiometric 
relationships are in agreement with the overall reaction
dUMP + serine + folate—H^ ---► dTMP ♦ glycine +
folate-H^ + 1^0
The reverse of this reaction could not be detected. Under 
the experimental conditions employed this indicates that
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the reverse reaction, if it occurs, has a rate less than 
1.5$ that of the forward reaction.
Summary
At low concentrations, tetrahydropteroylglutamic 
acid acted as a limiting substrate for the synthesis of
14thymidylic acid-C from deoxyuridylic acid and
14L-serine-3-C in the presence of extracts of 
Streptococcus faecalis R. Under these conditions DPNH 
stimulated synthesis 5 - 6-fold, so that tetrahydropteroyl- 
glutaraic acid assumed a catalytic function. TPNH produced 
a similar but smaller effect. Tetrahydropteroylglutamic 
acid could be replaced in the reaction system by dihydro- 
pteroylglutaraic acid only if DPNH was also added. 
Aminopterin did not affect the synthesis of thymidylic 
acid in the presence of tetrahydropteroylglutamic acid. 
However, it completely inhibited the extra synthesis due 
to the addition of DPNH in the presence of dihydropteroyl- 
glutamic acid or of low levels of tetrahydropteroylglutamic 
acid.
The synthesis of thymidylic acid was found to be 
approximately equal to the disappearance of deoxyuridylic 
acid and to the amount of the active isomer of tetrahydro­
pteroylglutamic acid added. The reverse of the thymidylic 
synthetase reaction could not be detected.
The implications of these results are discussed.
L_
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CHAPTER IV
SPECTROPHOTOMETRIC ASSAY AND PURIFICATION 
OF THYMIDYLATE SYNTHETASE 
Introduction
The assay of thymidylate synthetase activity by 
the isotopic method (Chapter II) is a time-consuming 
process and since a quick method of estimation is desirable, 
especially during enzyme purification, the spectro- 
photometric method described in this Chapter was 
developed. This method is based on the conversion of
5.10- methylene-folate-H^ to folate-H^ during the reaction. 
Since folate~H0 has a higher absorption at 3^0 m|Lt than
5.10- methylene-folate-H^ this conversion is accompanied 
by an increase in the extinction at 340 mil*
The spectrophotometric assay has facilitated the 
purification of thymidylate synthetase. With the purified 
preparation obtained it has been possible to demonstrate 
the changes which occur in the ultraviolet absorption 
spectra of folate derivatives during the formation of 
dTMP. In addition, the spectrophotometric method has been 
used to determine the stoichiometry of the thymidylate 
synthetase reaction and the specificity of the enzyme 
for the pyrimidine substrate. The information from these 
experiments is discussed in relation to the mechanism of
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the thymidylate synthetase reaction*
Experimental
Materials— Crystalline folate— was prepared as 
described by Blakley (l960c). Solutions of this compound 
were prepared immediately before use by dissolving 
folate-Hg in 0*1 M ammedlol-HCl buffer, pH 7*8, 
containing 5 mM dimercaptopropanol and kept at 0°.
Dihydro folic reductase was prepared as described in 
Chapter VI. In the experiments reported in this Chapter, 
the preparations of dihydrofolic reductase had a specific 
activity of approx. 3,000 mj-imoles of folate-H^ reduced 
per min* per mg. of protein and approx. 0.025 mg. of 
protein were added to the reaction mixture.
TEAE cellulose was prepared by the method of Porath 
(1957) from N, N-diethylaminoethyl cellulose which was 
obtained from Eastman Organic Chemicals (New York, U.S.A.).
Suspensions of calcium phosphate gel were prepared 
by the method of Keilin and Hartree (1937-38). Glutathione 
reductase, type I, oxidised glutathione and TPN (95% pure) 
were obtained from the Sigma Chemical Co. (St. Louis, 
Missouri, U.S.A.)• Uridylic acid (Na salt) and deoxyuridine 
were obtained from the California Corp. for Biochemical 
Research (Los Angeles, California, U.S.A.). 2 ,3-Dimercapto-
propan-l-ol was obtained from Bios Laboratories
Inc* (New York, U.S.A.) and from Fluka Inc* (Buchs, 
Switzerland).
Ammediol was obtained from Eastman Organic Chemicals 
(New York, U.S.A*); for preparation of buffers the pH was 
adjusted by addition of HC1. Concentration values given 
in the text for the buffer refer to ammediol.
Protein concentration was measured by the method of 
Lowry, Rosebrough, Farr and Randall (1951)*
Other materials and experimental methods were the 
same as previously described.
Results
Spectrophotometric assay of thymidylate synthetase 
activity- The steps in the spectrophotometric assay are 
described by the following reactions:
Folate-H2 + TPNH ♦ H* -- - folate-H^ + TPN (l)
Folate-H^ + HCHO - ■ ■- 5$ 10—methylene-folate-H^ +
ILjO (2)
5,10-Methylene-folate-H^ + dUMP --folate-Hg +
dTMP (3)
The l(L)-isomer of folate-H^, formed by the action 
of dihydrofolic reductase (reaction l) is used in the 
assay in preference to chemically prepared dl(L)-folate-H^
* When dl(L)-folate-H^ is used the
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for two reasons
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extinction of the reaction mixture is raised by the 
imreactive d(L)-isomer of 5»10-methylene-folate-II^ to 
levels of less accurate measurements. In addition, 
chemically prepared folate-H^ may contain small amounts of 
platinum, which would catalyse the oxidative decomposition 
of folate-H^ and consequent spectrophotometrie change.
The composition of the reaction mixture for the 
spectrophotometric assay is as described in the legend for 
Table IV»1 except that 0,1 mM dUMP was used to initiate 
the reaction. Since the optimum pH for activity of 
thymidylate synthetase, as determined by isotopic assay, 
was pH 7*8 the spectrophotometric assay system was 
buffered at this pH. Since N-ethylmorpholine caused some 
inhibition of dihydrofolic reductase, ammediol buffer was 
used. Mg , which stimulates the synthesis of dTMP 
(Chapter II), was included in the reaction mixture. The 
reaction mixture was incubated at 37° in the temperature 
controlled cell chamber of the DK2 ratio recording 
spectrophotometer. The reference cell contained water 
and the extinction at 3^0 mf-t was measured throughout the 
assay.
The time course of the extinction change is shown 
in Fig. IV.1. During the conversion of folate-^ to 
folate-II^, the extinction at mfA decreases. When this
reaction has reached completion an additional period is
10 15
TIME (MIN.)
Fife« IV* 1 * Time course of spectrophotometric assay 
of thymidylate synthetase* The reaction mixture was 
the same as described for Table IV*1 except that 0,05 mM 
dUMP was added. A. Formaldehyde added. B. Aminopterin
added* C. dUMP added
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allowed for the completion of the combination of 
formaldehyde and folate— with formation of 5* 10—methylene- 
folate-II^ (reaction 2). The addition at this point of 
aminopterin, a powerful inhibitor of dihydrofolic 
reductase (Chapter Vi), prevents any further action of 
this enzyme. The presence of aminopterin does not affect 
the rate of the thymidylate synthetase reaction, nor the 
maximum extinction attained when the reaction is allowed 
to reach completion, dUMP is then added to the reaction 
mixture to initiate reaction (3)* Since the extinction 
due to dUMP and dTMP is negligible at ykO mj-l, an increase 
in extinction occurs due to the formation of folate-IHC, by 
reaction (3)* An increase of 0,01 in the extinction 
corresponds to the formation of 5*56 mjimoles of dTMP, 
since the change in the molecular extinction was found to 
be 5»400 (Chapter VI). A value of 3»200 was reported by 
Zakrzewski and Nichol (i960). The increase in extinction 
was found to be dependent on the presence of dUMP (Fig, 
IV,l), formaldehyde and enzyme.
Before the spectrophotometric assay could be applied 
satisfactorily some purification of the extract was found 
necessary. Thus, with streptomycin—treated extracts, an 
increase in extinction occurred before the addition of 
formaldehyde or dUMP. Furthermore, with these extracts 
the change in extinction did not follow a course like that
101
shown in Fig# IV.1, Even after 2-3 fold purification by
fractionation with ammonium sulphate, the assay was
sometimes erratic. However, after treatment of the
ammonium sulphate fraction with calcium phosphate gel, the
increase in extinction was completely dependent on the
addition of formaldehyde and dUMP; the extinction increased
to a final constant value and the results were reproducible.
It was necessary to ensure, however, even with highly
++purified enzyme preparations, that the Mg concentration 
was not higher than 5 mM, or turbidity developed after 
addition of dUMP.
The rate of the thymidylate synthetase reaction was 
found to be proportional to the amount of enzyme added 
(Blakley, unpublished results).
Purification of thymidylate synthetase- Since the 
spectrophotometrie assay is not applicable to the 
measurement of thymidylate synthetase activity in unpurified 
extracts, the isotopic method of assay (Chapter II) was 
used in the early steps of the purification procedure.
The streptomycin-treated extract, prepared as 
described in Chapter II, was used as the starting material 
for further purification. Acetone fraction of this extract 
was unsatisfactory, but some purification was achieved with 
ammonium sulphate fractionation at pH 8.5s the fraction
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precipitating between 60 - 90$ saturation was purified approx. 
2-fold and contained 70 - 90$ of the original activity. 
Ammonium sulphate precipitation at pH 6.3 did not result 
in any further purification.
The fraction which precipitated between 60 - 90$ 
ammonium sulphate saturation at pH 8.5 was treated with 
calcium phosphate gel. This step effected only slight 
purification of the extract but the spectrophotometric assay 
could now be applied satisfactorily. A suspension of 
calcium phosphate gel (equivalent to 0.6 mg. dry weight, 
per mg. of protein) was added to the extract, the mixture 
was stirred for 10 min. and the supernatant was removed.
It proved very difficult to find a satisfactory procedure 
for further purification of this extract and many experiments 
were performed before the method described below was adopted. 
Since precipitation with acetone or alcohol was ineffective, 
fractionation on ion-exchangers was attempted. Dowex-1 
and Dowex-50 resins did not retain thymidylate synthetase; 
Amberlite IRC-50 Cellex-F and Cellex-CM retained a portion 
of the activity under certain conditions, but the amount 
retained was variable. Reproducible adsorption of 
thymidylate synthetase was achieved on TEAE cellulose 
columns at pH 5 — 6, and the following procedure was 
adopted. TEAE cellulose was first equilibrated with buffer 
by suspending 15 g# of solid TEAE cellulose in 0.01 M
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magnesium acetate buffer, pH 5»3» and adjusting the 
suspension to pH 5*3* The TEAE cellulose was filtered 
off and resuspended in the same buffer* This suspension 
was poured into a column (3 cm* diameter) and allowed to 
pack by draining at a rapid rate. This column was used 
for the fractionation of the calcium phosphate-treated 
extract* In one experiment this extract contained 11*4 mg. 
of protein per ml. and had a specific activity of 3*9 
m(imoles of dTMP formed per min* per mg. of protein. The 
extract was adjusted to pH 5*3 with acetic acid and applied 
to the column. Under these conditions, TEAE cellulose 
absorbed almost all the enzyme. The column was washed 
with 600 ml. of 0.01 M magnesium acetate buffer, pH 5*3* 
and the enzyme was eluted in 500 ml. of 0.01 M magnesium 
acetate buffer, pH 5*3» containing 0.05 M sodium acetate 
buffer, pH 5*3« The eluate was dialysed against 10 volumes 
of 0.01 M sodium acetate containing 0.01 M EDTA adjusted 
to pH 7.4 with NaOH.
The activity was concentrated as follows. The extract 
was applied to a second TEAE cellulose column (l cm. 
diameter) which contained 0.1 g. (dry weight) of TEAE 
cellulose, equilibrated with 0.01 M N-ethylmorpholine, 
pH 7.25» containing 0.01 M magnesium chloride. Magnesium 
chloride was added to the extract to a concentration of 
0.01 M, and the mixture was then adjusted to pH 7*25 and
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applied to the column. The enzyme was eluted with 10 ml. 
of 0.5 M magnesium acetate buffer, pH 5*3* and dialysed 
against 0.01 M sodium acetate-mM EDTA. The final preparation 
contained 1.26 mg. of protein per ml. and had a specific 
activity of 155 mpmoles of dTMP formed per min. per mg. 
of protein. The fractionation on the TEAE cellulose 
columns achieved a 40-fold purification, with 38$ recovery. 
Since the extract had been previously purified approx.
2 - 3  fold by ammonium sulphate fractionation, the overall 
purification is 80 - 120 fold.
Specificity of purified thymidylate synthetase- Thymidylate 
synthetase does not utilise deoxyuridine even in the 
presence of ATP and Mg** (Table IV.l). In addition no 
reaction occurred in the presence of uridylic acid or dCMP 
(Table IV.l).
Stoichiometry- The stoichiometric relationship between 
dUMP and folate-H^ was studied by calculating from the 
increase in extinction at 340 m|-t the amount of folate-H2 
formed when a given amount of dUMP was added to the reaction 
mixture. The extinction change corresponded to 1.2 pinoles 
of folate-H^ formed per pmole of dUMP added.
When aminopterin is omitted from the system and 
excess TPNH is present, the folate-II^ produced during the 
formation of dTMP is immediately reduced to folate-H^ by 
the action of dihydrofolic reductase. Consequently the
Table IV»1» Specificity of thymidylate synthetase
for the pyrimidine substrate
Extract 
mg. protein
Substrate dTMP synthesized 
m^moles per min*
0.016 dUMP, 0*1 mM 17.2
1.34 dCMP, 0*1 mM 0
1.34 Uridylic acid, 0*1 mM 0
1.34 Deoxyuridine, 0*1 mM 0
plus ATP, 0.2 mM
The reaction mixture contained 0.067 mM folate-H^,
0*067 mM TPNH, 2*5 mM 2,3-dimercaptopropanol, 5 mM 
magnesium chloride, 0*2 mM formaldehyde, 0*067 mM 
ammediol-HCl buffer, pH 7*8, dihydrofolic reductase, 
thymidylate synthetase extract containing the amounts 
of protein shown in the Table, 1 M-M aminopterin and the 
pyrimidines shown in the Table* The total volume was 
3 ml* The procedure of the assay was as described in
the text
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extinction at 340 mM decreases as the thymidylate 
synthetase reaction proceeds and the decrease is equivalent 
to the amount of TPNH oxidised* Known amounts of dUMP were 
added and the amount of TPNH oxidised was calculated (using 
6*22 x 10"^  as the molecular extinction coefficient of TPNH)* 
The amount of TPNH oxidised was 0.98 Mmole per Mmole of 
dUMP added* The relationship between the amount of 
formaldehyde added and TPNH oxidised was determined in a 
similar experiment and it was found that 1 *25Mmoles of 
TPNH was oxidised for each Mmole of formaldehyde added* 
Spectrum changes during thymidylate synthetase reaction- 
Using purified thymidylate synthetase it is possible to 
demonstrate the conversion of 5*10-methylene-folate-H^ to 
folate-H^ spectrophotometrically during the thymidylate 
synthetase reaction* In order to observe the spectrum 
changes which occur during reactions (l), (2) and (3) it 
was necessary for the reference cell to contain all the 
ultraviolet-absorbing components, and preferably all the 
components of the system except folate derivatives* The 
TPN formed during the dihydro folic reductase reaction 
could not be balanced by simple addition of an equivalent 
amount of TPN to the reference cell, however, because it 
was found that the spectra of oxidised TPNH and commercial 
TPN were not identical* This difficulty was overcome by 
oxidizing TPNH to TPN in the reference cell by the
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glutathione reductase system, 2 , 3 -Bimercapt opropanol,
present in the sample cell to prevent oxidation of reduced
folate derivatives, was not added to the reference cell
until after the oxidation of TPNH since i t  interferes with
the glutathione reductase reaction.
The spectrum of folate-H^ (^max 282 mji, Blakley, 1960c)
was changed to that of folate-H^ ( \ nax 296-297 nij-t» Blakley,
1960b) during reaction ( l ) .  Formaldehyde was then added to
each cell and i ts  non-enzymic reaction with folate-H^
(reaction 2 ) in the sample cell allowed to reach completion*
This reaction was followed by observing the increase in
extinction at 300 mJLl (cf, Blakley, 1960b), As shown in
Fig, IV,2, a comparison of the two cells revealed the
typical spectrum of 5 »1 0 -methylene-folate-H^ in the sample
cell (X 294 mfl, Blakley, 1 9 6 0 b), After addition of rogix
dUMP to each ce ll, the spectrum was repeatedly examined*
The spectrum gradually changed, as shown in Fig, XV*2, 
until the spectrum of folate-K^ was again obtained.
Additional evidence that folate-H^ is produced by the 
action of thymidylate synthetase was obtained by the 
addition of TPNH to the sample ce ll. The extinction at 
340 mji decreased, presumably due to the occurrence of 
reaction (l)  in the presence of dihydrofolic reductase and 
absence of aminopterin. This decrease in extinction 
ceased on the addition of aminopterin, which is a specific
WAVELEN8TH
Fi#« IV«2« Spectrum changes of folate derivatives 
during thyraidylate synthetase reaction« The sample and 
reference cells contained 0«067 niM ammediol-HCl buffer, 
pH 5 mM magnesium chloride, 0«033 mM of TPNH,
dihydrofolic reductase, purified thymidylate synthetase 
extract containing 0*16 mg« of protein, with a specific
activity of 215 mpmoles of <1TMP formed per min. per mg', 
of protein. The volume at this stage was 2.75 ml. The 
final volume in each cell after the addition of all 
components was 3 ml. The temperature of the cell chamber 
of the DK2 ratio recording spectrophotometer was kept at 
23° throughout the experiment.
Preparation of the reference cell was completed by 
the addition of 0.067 mM oxidised glutathione and 0.052 mg. 
of glutathione reductase. When the decrease in extinction 
(measured against water) was complete, 2.5 mM 
2,3-dimercaptopropanol was added to the cell.
Preparation of the sample cell was completed by the 
addition of 0.033 mM folate-IL, and 2*5 mM dimercapto- 
propanol, and the change in extinction at 3^0 m|i 
(measured against water) allowed to reach completion. 
Spectrum changes in the sample cell were then measured 
against the reference cell. O.O67 mM formaldehyde was 
added to both sample and reference cells. When the 
increase in extinction at 300 mji ceased the spectrum 
shown by the unbroken line was observed. dUMP was then 
added to each cell to give a concentration of 0.1 mM. 
Repeated observations of the spectrum were made, and the 
following successive curves were obtained:
1 . ------- - ----  2. ---- ----  3. — ------—
The spectrum did not change after curve 3 was attained.
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inhibitor of* dihydrofolic and folic reductases.
( Discus sion
The spectrophotometric assay of thymidylate synthetase 
activity is simple to perform and the time required for each 
determination is approximately 15 min., whereas the isotopic 
method required a period of two days. The two methods have 
approximately the same sensitivity. The spectrophotometric 
method is only applicable, however, to extracts which have 
been purified to a certain extent.
Friedkin and Kornberg (1957) suggested that, during 
the formation of dTMP from dUMP and 5» 10—me tliylene-folate-H^ , 
the intermediate shown in Fig. IV.3 is formed and that this 
intermediate undergoes reductive cleavage to form dTMP.
The results of experiments reported in this Chapter provide 
no support for this hypothesis. Thus, although thymidylate 
synthetase has been purified approximately 100 times, no 
evidence was obtained for the presence of more than one 
enzyme in the system. It is possible, however, that two 
enzymes are involved in the thymidylate synthetase system, 
respectively forming and cleaving the intermediate, but that 
the fractionation procedure adopted did not separate them.
A further possibility is that the formation of dTMP by 
reaction (3) may involve a rapid non-enzymic step. The 
spectrum change of 5,10-methylene-folate-to folate-Hg 
during the course of reaction (3) clearly showed two
Fig, IV.3» Intermediate formed between dUMP and 
5,10-methylene-folate-H^. Suggested by 
Kornberg (1957)•
Friedkin and
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isosbestic points (Fig, IV.2), This indicates that no 
significant amount of the intermediate is present during 
this reaction, if it be assumed that such an intermediate 
would have a spectrum sufficiently different from those of 
either 5*10-methylene-folate-H^ and folate-H^ to preclude 
the occurrence of isosbestic points. If the intermediate 
is formed, therefore, it must break down immediately. If 
reaction (3) is catalysed by one enzyme, the intermediate 
may undergo conversion on the enzyme surface to dTMP and 
folate-H^» which are then released from the enzyme.
The time course of the extinction change at 340 mp. 
shows no discontinuity* This finding also indicates that 
no intermediate accumulates in significant amounts during 
the reaction, unless its molecular extinction at 340 mfi 
is the same as that of folate-H^,
F o l a t e - w a s  identified as a product of the 
thymidylate synthetase reaction by its spectrum said by 
its reaction with TPNH in the presence of dihydro folic 
reductase which is specific for di hydro folate (Chapter VI) 
or its conjugates; furthermore, the reaction with TPNH is 
inhibited by arainopterin, a specific inhibitor of 
dihydro folic reductase. These results, together with the 
stoichiometric relation between dUMP added and folate-H^ 
produced, agree with the formulation of reaction (3)*
The purified thymidylate synthetase does not utilise
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deoxyuridine, in the presence of ATP and Mg + + . Since 
deoxyuridine was utilised by the unpurified thyraidylate 
synthetase, deoxyuridine phosphoryltransferase, originally 
present, was removed during purification. Similarly, since 
dTMP was formed from dCMP by crude extracts but not by 
purified thymidylate synthetase, dCMP deaminase was 
separated from the synthetase during purification.
Summary
A simple, rapid spectrophotometric assay for thymidylate 
synthetase activity has been developed. It has facilitated 
purification of thymidylate synthetase, and the latter has 
been purified approximately 100-fold.
Examination of the various enzyme fractions obtained 
produced no evidence for more than one enzyme in this system. 
With the purified extract it was possible to observe the 
spectrum of 5»10—methylene-folate-H^ change to a spectrum 
corresponding to folate-!^ during the synthesis of dTMP.
Two isosbestic points were detected during the spectrum 
change indicating that no intermediate accumulates in 
significant amounts under these conditions.
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CHAPTER V
STUDIES ON THE MECHANISM OF THYMIDYLATE 
SYNTHETASE USING TRITIATED COMPOUNDS 
Introduction
The experiments reported in Chapter III indicate 
that folate-H^ is the reductant for the conversion of the 
hydroxymethyl group of serine to the methyl group of 
dTMP. This finding is in agreement with the results 
reported by Friedkin (1959) vrtio prepared folate-H^ 
labelled with tritium at positions 5,6,7 and 8 and 
showed that hydrogen isotopes are transferred from it to 
dTMP by thymidylate synthetase partially purified from 
Escherichia coll. The labelled hydrogen transferred to 
dTMP is all present in the thymine-methyl group 
(Friedkin, I960) but in Friedkin*s experiments the 
specific activity of the hydrogen transferred to the 
methyl group was 5 - 6  times lower than that in the 
5,6,7 and 8 positions of the f o late-• This dilution 
of the activity might be due to marked isotope selection 
by the enzyme (Friedkin, 1959)* However, these results 
would also be obtained if there were a dilution of the 
specific activity of the labelled hydrogen of folate-H^ 
before or during transfer to the methyl group. Dilution 
of the specific activity might occur by the following
means:
Ill
(a) In folate-H^ tritium at positions 5 and 8 would 
probably be diluted by exchange with protons of the 
medium:
R = p-aininobenzoylglut amic acid*
The pK values are not available for the 5 and 10 groups 
of folate-H^ itself. However, the closely related 
compound 2-amino-4-hydroxy-6,7-dimethyl tetrahydro- 
pteridine has a pK of 5*6 for the hydrogen atom at 
position 5 (Pohland, Flynn, Jones and Shive, 1951 )* The 
pK of the nitrogen at position 8 for 4-hydroxy-6-methyl 
tetrahydropteridine appears to be 4*1 (Blakley, lQ^Oa) 
and the value for the corresponding group in folate-H^ 
is probably not greatly different from this. These 
values indicate that the amino groups at positions 5 and 
8 would ionize to a slight but significant extent at 
neutral pH so that tritium in these groups would be 
quickly exchanged with protons of the medium*
It is unlikely, however, that hydrogen from position
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5 would be incorporated into the methyl group of dTMP;
5,10-methylene-folate-H^ is a precursor of the methyl 
group and hydrogen at position 5 of folate-H^ would be 
displaced during the formation of the methylene 
derivative*
It is also unlikely that hydrogen from position 8 
is incorporated into the methyl group for the following 
reason* During the production of f o l a t e - f r o m  
folate-H^, the hydrogen atoms are added probably to 
positions 5 and 6 (see Chapter i). Since folate-H^ is 
produced, together with dTMP, by thymidylate synthetase, 
it is reasonable to assume that the hydrogen which enters 
the methyl group of thymine would come from positions 5 
or 6 rather than from positions 7 or 8. But, since 
the hydrogen at position 5 is displaced by methylene 
bridge formation, the hydrogen at position 6 is the one 
probably transferred to dTMP*
(b) Dilution of tritium in folate-H^ could occur by 
reversal of the reaction catalysed by dihydrofolate 
reductase:
folate-t/4 + TPN folate-t? + TPNt + t+ (2)
The tritium ion would be diluted by protons in the meditim 
and the re-synthesis of folate-11^  by reaction (2) would 
result in a loss of isotope from one position of folate-H^.
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A point to be considered against this explanation is 
that reversal of dihydrofolic reductase reaction could 
not be detected at all spectrophotometrically (Chapter VI). 
Nevertheless, the reverse reaction may occur with the 
equilibrium position of reaction (2) greatly in favour 
of formation of folate-H^ and in this case tritium from 
either positions 5 or 6 would exchange rapidly with 
protons of water. In the absence of added TPN, however, 
the rate of exchange would be reduced because of the low 
concentration of TPN present in the extract,
(c) The hydrogen from folate— could possibly be diluted 
during transfer to the methyl group if it becomes 
temporarily incorporated in a prototropic gro\ip which 
exchanges protons with water at a rate comparable with 
that of the transfer of hydrogen to the methyl group,
Folate-t^ -- ~ R •t — ^ dTMP-CHpt
Jt +  (3)R' + t
This hypothesis seemed the most likely explanation of the 
isotope dilution apart from isotope discrimination by the 
enzyme.
The first experiment described in this Chapter was 
designed to test these three possibilities. The 
thymidylate synthetase reaction was carried out in the 
presence of tritiated water; if any one of these mechanisms
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discussed above is operative, then tritium would be 
incorporated into the methyl group of dTMP from tritium 
labelled water.
The other experiments reported in this Chapter 
concern the source of the hydrogen atom of folate-H^ 
which enters the methyl group of dTMP* One of the 
hydrogen atoms added to folate-rh, by the action of 
dihydro folic reductase, probably at position 6, may be 
the one which enters the dTMP-methyl group* However, it 
is not known whether the hydrogen which enters dTMP is 
derived from the para position of the nicotinamide moiety 
of TPNH or whether it is derived from water. The 
reaction, with tritium as a label, may be either;
NIH
+ TPNt + H*
OR
HI
^ t
+ TFN
NIH
+ TPNH + t+
(M
(5)
R = p-aminobenzoylglutamic acid
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To decide between these possibilities the incorporation 
of tritium into dTMP was examined when folate-H^ was 
generated by dihydrofolic reductase under two sets of 
conditions:
(i) In the presence of tritiated water and unlabelled 
TPNH, and
(ii) In the presence of TPNt and unlabelled water.
Experimental
Thymidylate synthetase preparations- The enzyme was 
used at various stages of the purification procedure 
described in Chapter IV. Earlier experiments were 
performed with the streptomycin—treated extract, or with 
the 60 - 90$ ammonium sulphate fraction, but for the most 
important experiments the complete purification procedure 
was used. The protein concentration was determined by 
the method of Lowry, Rosebrough, Farr and Randall (1951)• 
Chemicals- The materials were the same as those used for 
the work described in previous chapters. In addition, 
glucose-6-phosphate dehydrogenase (activity such that 
800 Jimoles of TPN were reduced per min. per g. of enzyme 
at pH 7.4 and at 25°) was obtained from the Sigma 
Chemical Co. (St. Louis, Missouri, U.S.A.); glutamic 
dehydrogenase was obtained as a suspension in ammonium 
sulphate from Nutritional Biochemicals Corporation 
(Cleveland, Ohio, U.S.A.); tritiated water (200 f-lC per ml.)
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was obtained from Harwell, England; tritiated benzoic 
acid was obtained from Amersham, England, and nicotinamide 
was obtained from The British Drug Houses Ltd. (Poole, 
England).
Tritiated glucose-6-phosphate was prepared at 
Harwell, England, by the Wilzbach method (Wilzbach, 1957)* 
The barium salt (500 mg., 960 Mmoles) was kept for six 
weeks in contact with 70 of tritium. Tritium 
exchangeable with water was removed as follows. The 
solid was dissolved in a large volume of dilute 
hydrochloric acid and evaporated to dryness under reduced 
pressure. After removal of Ba by passage through a 
Dowex-50-H column, the material was applied to a 
Dowex-1-chloride column and elution commenced with 
borate-containing buffer solutions as described by Benson 
(.1957)* Glucose-6-phosphate did not behave as reported by 
Benson but was eluted with 0.25 M ammonium chloride- 
0.015 M sodium borate. After concentration, NH^ was 
removed by passage through Dowex-50-H* and the effluent 
again concentrated and applied to a Dowex-i-formate 
column. This column was washed with 0.05 M formic acid, 
followed by 0.05 M ammonium formate before the glucose- 
6-phosphate was eluted with 0.1 M formic acid-0.1 M 
ammonium formate. The eluates which contained glucose- 
6-phosphate were evaporated to dryness and the ammonium
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formate sublimed off from the residue. The residue was 
dissolved in a small volume of water to give a solution 
which contained 8*2 Mmoles of glucose-6-phosphate per ml* 
The yield of glucose-6-phosphate was approx* 100 j-lmoles 
and the specific activity was 31 «3 HC per Mmole.
The assay of glucose-6-phosphate was performed 
spectrophotometrieally with the following reaction mixture: 
0*05 M potassium phosphate buffer, pH 7*0, 0.5 nig* of TPN 
and 0*2 or 0*5 mg. of glucose-6-phosphate dehydrogenase 
in a total volume of 3 ml. From the increase in 
extinction at 3^0 m|i due to TPN reduction, the giucose- 
6-phosphate oxidised was calculated using 6.22 x 10 for 
the change in the molecular extinction.
Isolation of glutamic acid*. The reaction mixture was 
diluted to 10 ml. and applied to a column of Dowex—50-H+ 
( 2 x 5  cm.). The column was washed with 300 ml. of water 
and the first 50 ml. of eluate, which contained the TPN, 
was collected separately and treated as described below. 
Glutamic acid was eluted from the column with 50 ml. of 
10$ ammonium hydroxide and the eluate was evaporated to 
dryness in vacuo. Glutamic acid was crystallized from 
the dissolved residue, recrystallized, dried and counted. 
Isolation of the nicotinamide moiety of TPN- After the 
glutamic dehydrogenase reaction (Table V.4), the reaction 
mixture was passed through Dowex-50-H* and TPN was
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obtained in the effluent. This TPN was hydrolysed in 
the presence of phosphate buffer, pH 9*3* at 100° for 
15 min* (Stern and Vennesland, I960). After removal 
of phosphates from the solution by passage through Dowex- 
1-formate, the effluent was concentrated and applied to a 
column of Dowex-50-H which was washed with water before 
elution of the nicotinamide with 50 ml* of 10$ ammonium 
hydroxide. As impurities were still present, the 
nicotinamide was purified further by chromatography on 
Whatman No* 3 paper, first with ethanol-0*l N acetic acid 
(l:l) solvent and on a second chromatogram with the 
but and-ammonia solvent. Determination of the spectrum 
of the nicotinamide eluted from the second chromatogram 
indicated that the compound was pure. The concentration 
was determined spectrophotometrically• Carrier 
nicotinamide (.18 mg.) was added to a solution of 0.788 
Mmoles of the labelled nicotinamide and the diluted 
sample was counted.
Counting of tritium-containing compounds- A Packard 
liquid scintillation counter was used with the window 
set at 10-50 volts and the photomultiplier voltage set 
to record the maximum number of pulses in this range.
The efficiency under these conditions was about 11$. 
Tritiated substances were counted by the following
procedures :
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Water from reaction mixtures: After 5000,-f’ol<i
dilution, 0.01 ml. was transferred to a chilled counting 
vial containing 0.5 ml. of hyamine and 8 ml. of 
scintillator solution. The scintillator solution contained 
2,5-diphenyloxazole (4 g./l.) and 1,4-bis-2-(5-phenyl- 
oxazolyl)-benzene (O.lO g./l.) dissolved in toluene,
Thymidine and thymine: The solution of thymidine
or thymine was evaporated to dryness in a counting vial, 
the residue was dissolved in 0.03 ml. of water, 0.5 ml» 
of hyamine and 8 ml. of scintillator solution were 
added and the vial was cooled.
Glueose-6—phosphate: After 10-fold dilution,
0.01 ml. of the solution was transferred to a vial, 0.5 ml. 
of hyamine and 8 ml. of scintillator solution were added 
and the vial was cooled, counted and checked for quenching.
Glutamic acid: Approx, k g. of recrystallised
glutamic acid was weighed into a counting vial and 
dissolved in 0.5 ml. of hyamine, 8 ml* of scintillator 
solution were added and the vial was cooled, counted and 
checked for quenching.
Nicotinamide4, The solution of nicotinamide was 
evaporated to dryness in a counting vial, the residue 
was dissolved in 0.5 ml. of alcohol and 0.5 ml. of 
hyamine and 10 ml. of scintillator solution were added.
The vial was cooled, counted and checked for quenching.
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The amount of* quenching by glucose-6-phosphate, 
glutamic acid and nicotinamide was checked by recounting 
the sample after the addition of a solution of benzoic 
acid-t which contained a known number of counts. The 
number of counts in the sample were then corrected for 
quenching by the same factor necessary for correction of 
the count for benzoic acid in the presence of the sample.
Results and Discussion
Incorporation of tritium from tritiated water into 
thymidylate in the presence of folate—H^— The reaction 
mixture previously found to give optimal dTMP synthesis 
in the presence of folate-Hj, (Chapter II) was incubated 
with unlabelled L-serine (instead of L-serine-3-C^) and 
with tritiated water. The cpm per Mmole of dTMP formed 
under these conditions was only 1*5$ of the cpm per Mmole 
of tritiated water in the reaction medium (Table V,l), 
Therefore, the dilution of specific activity of folate-H^ 
compared with dTMP, observed by Friedkin (1959) cannot be 
due to any one of the following reasons, discussed in the 
Introduction to this Chapter: dilution of tritium in
folate-H^ by exchange from positions 5 and 8 with protons 
of the medium; dilution of tritium in folate-K^ by 
reversal of the dihydrofolic reductase reaction; or 
dilution of tritium during transfer to the methyl group 
by temporary incorporation into a prototropic group vrhich
Table V.l Incorporation of tritium from tritia ted
water into dTMP in the presence of folate-H^
Specific activity
cpm/jiniole
Water from reaction mixture Expt. 1 44,000
Expt • 2 48,000
Thymidine Expt • 1 790
Expt • 2 5 1 0
The reaction mixture (total vol, 1 ml.) contained *5 mM 
dUMP, 5 mM L-serine, 2.5 mM dimercaptopropanol, $ 6  units 
of serine trailshvdroxyriethylase, 0 . 2 5  ml. of tr i t ia ted  
water (200 |1C per ml.), 10 mM folate-H^, 0.1 M N-ethyl- 
morpholine buffer, pH 7*8 and bacterial extract 
containing 5»^ 7 mg. of protein. The extract had been 
treated wi th streptomycin sulphate but not with 
Dowex-l-chloride. The reaction mixture was incubated 
under at 37° for 1 h r. and then frozen, a portion of 
the water removed by freeze-drying and i ts  specific 
activity determined after suit able dilution.
The remainder of the reaction mixture was dissolved 
in approx. 1 ml. of water, 20 |imoles of carrier dTMP were 
added and the tube was placed in a 100° water-bath for 
2 min. dTMP was isolated by paper chromatography as in 
Chapter II and converted to thymidine by incubation with 
Russell viper venom. The thymidine was isolated as
previously described (Chapter II), estimated
spectrophotometrically and its radioactivity determined.
The dilution by the carrier of the dTMP which had been
synthesized enzymically was determined as in Chapter II
in a parallel experiment. In this experiment, L-serine- 
143-C was substituted for unlabelled L-serine and 
incubated under conditions the same as those above 
except that tritiated water was omitted* The specific 
activity of the undiluted dTMP-t was then calculated.
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exchanges protons with the medium at a rate comparable 
with that of the transfer of hydrogen to the methyl group. 
The observed dilution in specific activity (Friedkin,
1959) appears therefore to be due entirely to isotope 
di s crimination*
The results of this experiment also indicate that 
the hydrogen atom which enters the methyl group of dTMP 
comes from positions 6 or 7 of folate-H^, the former 
being more likely if folate-H^ is considered to be 
718-dihydrofolate.
Incorporation of tritium from tritiated water into 
thymidylate in the presence of f o l a t e - a n d  DPNH- 
This experiment was designed to test whether hydrogen 
at position 6 of folate-H^ was derived from protons of 
water. The procedure for this experiment was the same 
as for the preceeding one except that catalytic amounts of 
1(L)-folate-H^ were generated in the reaction mixture and 
no synthetic dl(L)-folate-H^ was added. The cpm per 
j-Lmole of the thymine inoiety was from 3*6 to 4*3^ of the 
cpm per jlmole of tritiated water in the reaction mixture 
(Table V.2). It is therefore unlikely that the hydrogen 
which enters the methyl group of dTMP from folate-H^ 
enters folate-H^ from water. In order to confirm this 
finding, the incorporation of tritium from labelled TPNH 
into the dTMP-methyl group was studied, as described in
Table V.2* Incorporation of tritium from trltiated
water into dTMP in the presence of folate-H0 and
DPNH
Specific activity 
cpm/jlraole
Water from reaction mixture Expt• 1 27,000
Thymine
Expt. 2
Expt• 1
24,325
960
Expt, 2 1,056
The reaction mixture (total vol, 1 ml,) contained 5 mM 
dUMP, 5 mM L-serine, 2,5 mM dimercaptopropanol, 68 units 
of serine transhydroxymethylase, 0,25 ml, of tritiated 
water (200 (IC per ml,), 0,5 mM pyridoxal phosphate, 5 mM 
magnesium chloride, 0,05 mM folate-IT,,, 2 mM DPNH and 
bacterial extracts containing 1,67 mg, of protein. The 
extract had been treated with streptomycin sulphate and 
with Dowex-l-chloride, The tubes were incubated under 
for 2 hr. and then frozen. After removal of a sample of 
water from the reaction mixture by freeze-drying, 20 jimoles 
of dTMP were added and the tubes were kept in a 100° 
water-bath for 2 min* dTMP, separated from the reaction 
mixture by paper chromatography, was hydrolysed to thymine 
by heating at 180° for 4 hr, in the presence of 98$ formic 
acid in a sealed tube. The hydrolysate was chromatographed
on Whatman No, 3 MM paper in the butanol-ammonia solvent
and thymine was eluted from the paper with dilute 
ammonium hydroxide. After the eluate had been concentrated 
by evaporation to remove ammonia, the thymine concentration 
was determined spectrophotometrically and the radioactivity 
of the thymine determined.
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the next section.
Incorporation of tritium from TPNt into thymidylate- 
TPNt was generated from TPN and glucose-6-phosphate-t, 
in the presence of glucose-6-phosphate dehydrogenase:
The TPNt was not isolated as such but was then reacted 
with folate-H^ in the presence of dihydrofolic reductase, 
forming tritiated folate-H,. and regenerating TPN. The 
stereospecificity with respect to the CL and ß positions 
of hydrogen at the para position of the nicotinamide 
moiety of TPNH is not known for dihydrofolic reductase. 
Therefore, a catalytic amount of TPN was used in this 
experiment; under these conditions, a difference in the 
stereospecificities of glucose-6-phosphate dehydrogenase 
and dihydrofolic reductase would not affect the transfer 
of tritium from glucose-6—phosphate to folate-H^. The 
tritiated folate-H^ so formed was then utilised for the 
synthesis of dTMP and the specific activity of the dTMP 
was determined (Table V.3). Also included in Table V.3 
is the specific activity of glucose-6-phosphate-t 
determined by counting a sample of glucose-6-phosphate-t• 
If it is assumed that there are seven non-exchangeable 
hydrogen atoms in glucose—6—phosphate and that these are 
labelled with tritium to the same extent, an approximate
TPN + glucose-6-phosphate-t + H^O -■■ T
H+ + 6-phosphogluconate-t
PNt +
(6)
Table V.3. Incorporation of tritium from tritiated 
glucose-6-phosphate into thymine
Specific activity 
cpm/M-mole
Thymine 101,000
Glucose-6-phosphate 1,093,000 x 7
The reaction mixture contained 1*25 mM folate-H^, 2*5 mM 
dimercaptopropanol, 33 mM magnesium chloride, 7*5 mg. of 
glucose-6-phosphate dehydrogenase, 0.04 mM TPN, 3*5 mM 
formaldehyde, dihydrofolic reductase, 1*26 mg. of extract 
containing purified thymidylate synthetase (1.26 mg. of 
protein per ml.; specific activity, 155 mfAmoles of dTMP 
per mg. of protein). The reaction was started by the 
addition of 2.05 hmoles glucose-6-phosphate-t (31*3 M-0 per 
Umole) and the mixture was incubated at 37° • When the 
change in extinction ceased (after 20 min.) 10 hmoles of 
dUMP was added to the combined mixture and the change in 
extinction at 3^0 mh observed as before; incubation was 
continued for another kk min. after the extinction change 
ceased. The reaction mixture was heated in a 100° water- 
bath for 2 min., and cationic materials were removed by 
passage through a Dowex-50-H+ column. dTMP in the 
effluent was hydrolysed in 98$ formic acid at 180° for 
k hr. Thymine was isolated from the hydrolysate as 
described under Table V.2 and the specific activity was
determined
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value for the specific activity of the hydrogen 
transferred to TPNH by glucose-6-phosphate dehydrogenase 
can be calculated. The cpm per jimole of dTMP was found 
to be 10$ of this approximate value. Therefore it 
appears that the hydrogen which enters the methyl group 
of dTMP from folate-H^ enters folate-H^ from TPNH.
It is necessary, however, to obtain an accurate value of 
the specific activity of the hydrogen on carbon 1 of 
glucose-6-phosphate in order to determine whether isotope 
dilution occurs during transfer from TPNH to folate-H^ 
and to the methyl group of dTMP. This was attempted 
by the procedure described in the next section. 
Determination of the specific activity of TPNt derived 
from glucose-6-phosphate-t- Since folate-R^ is unstable, 
it cannot be readily isolated for direct determination 
of the specific activity. Similarly, the instability of 
TPNH makes the measurement of the specific activity of 
this component extremely difficult. An attempt was 
therefore made to measure the specific activity of 
hydrogen attached to carbon 1 of glucose-6-phosphate-t, 
from which the labelled TPNH was generated, TPNt was 
formed by the action of glucose-6-phosphate dehydrogenase 
according to reaction (6). TPNt was then used to generate 
glutamic acid from O-ketoglutarate in the presence of 
glutamic dehydrogenase according to reaction (7):
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cc-ket oglut arate + TPNt + H + + NH^ + 
glutamic acid-t + TPN + H2<)
(7)
and the specific activity of the glutamic acid so formed 
was measured. The results are recorded in Table V.4.
Preliminary experiments showed that the specific 
activity of the glutamic acid varied with the time for 
which the enzyme reaction mixtures were incubated: the
specific activity rose to a maximum value and then 
decreased as the incubation proceeded. Thus, if each 
enzyme reaction (6 and 7) was terminated when the 
spectrophotometrie change was complete, the specific 
activity of glutamic acid was 40,400 cpm per Mmole. When 
the incubation period for each reaction was extended to 
four times the period necessary for completion of the 
spectrophotoinetric change, the specific activity of 
glutamic acid was 5 2 , 3 0 0 cpm per (imole; and, when eight 
times the spectrophotoraetric period was allowed, the 
specific activity fell to 36,400 cpm per M-mole. In the 
experiments reported here, the periods of incubation were 
four times those required for the spectrophotometrie 
changes.
Since the specific activity of glutamate decreases 
on continued incubation, the highest value obtained ds 
probably less than the specific activity of the TPNH from 
which glutamate was generated. However, the difference
Table V.4• Determination of the specific activity
of hydrogen attached to carbon 1 
of glucose-6-phosphate-t
Specific activity 
cpm/M-mole
Glutamic acid 69»000
Nicotinamide 137
The reaction was started by adding 1.54 mM tritiated 
glucose-6-phosphate (31*3 M-C per prnol© ) to 1 mg. of 
glucose-6-phosphate dehydrogenase, 2.24 mM TPN and 125 mM 
dipotassium hydrogen phosphate in a total volume of 1.6 ml. 
The reaction (at 37°) was followed in a part of the 
mixture by observing the increase in extinction at 3^0 mp 
in a 1 mm. cell. The extinction change was complete in 
10 min. but incubation was continued for another 30 min.
The combined mixture was then heated at 100° for 2 min.
The labelled TPNH was used to generate glutamate by 
addition of the following to the boiled reaction mixture:
77 mM Ct-ke toglut arate, pH 6.0» 115 mM ammonium chloride,
0.2 ml. of a 0.5$ solution of albumen and (finally)
0.01 ml. of glutamic dehydrogenase suspension. The total 
volume was now 2.6l ml. The reaction (at 37°) was followed 
in a sample by measuring the decrease in the extinction 
at 340 mfi in a 1 mm. cell. The extinction change was 
complete in 1.25 min. and incubation was continued for a 
total of 5 min. The extinction change corresponded to
1.21 limoles of TPNH oxidised and hence 1.21 (imoles of 
glutamate synthesized per 2 ml. Unlabelled glutamic 
acid (49*75 nig.) was added to 2 ml. of the reaction 
mixture which was then heated at 100° in a water-bath 
for 2 min. Glutamic acid was isolated and counted, 
and TPN was hydrolysed to nicotinamide which was isolated 
and counted as described in the Experimental section.
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between the specific activities of glutamate and TPNH 
is probably not large. Thus, during the period of 
incubation between four and eight times the period 
required for completion of the spectrophotometrie change, 
the specific activity of glutamate decreased by approx.
30$. The decrease in specific activity during the 
preceeding period, equal to four times the period required 
for completion of the spectrophotometric change, may be of 
the same magnitude or smaller. If the decrease in 
specific activity was approx* 30$ during this period, 
then the specific activities for TPNH and dTMP would be 
about equal in value. In this case, it could be 
concluded that hydrogen from folate-H^ is incorporated 
into the thymine-methyl group with little change in 
specific activity.
The higher specific activity observed in glutamate 
when the incubation periods were longer than those 
required for the completion of the spectrophotometric 
changes accompanying reactions (6) and (7 ) is probably due 
to isotope selection, tritium being incorporated into TPNH 
or glutamate more slowly than protium. However, the fall 
in specific activity with still longer periods of 
incubation is more difficult to understand. Three 
explanations are possible:
(i) One or both of the enzymes may lack absolute 
stereospecificity for hydrogen at the para position of
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the nicotinamide moiety of TPNH so that the hydrogen 
transferred to glutamate from TPNH would not be entirely 
identical with that derived from glucose-6-phosphate and 
would therefore be diluted. In this case, TPN, formed 
during the glutamic dehydrogenase reaction, would retain 
some of the labelled hydrogen derived from glucose-6- 
phosphate. However, as shown in Table V.4, the specific 
activity of nicotinamide derived from the TPN remaining 
after glutamate formation is very low. This hypothesis 
therefore fails to account for the fall in the specific 
activity of glutamate.
(ii) One of the enzymes may be contaminated with 
6-phosphoglucouic dehydrogenase. This enzyme catalyses 
the transfer to TPN of hydrogen from carbon 2 of 
6-phosphogluconic acid, which is the product of the 
reaction catalysed by glucose-6-phosphate dehydrogenase.
It is possible that hydrogen at carbon 2 of glucose-6- 
phosphate exchanges with the medium due to enolization.
The action of 6-phosphogluconic dehydrogenase would then 
produce unlabelled TPNH which would dilute the labelled 
TPNH formed by glucose-6-phosphate dehydrogenase. The 
preparation of glucose-6-phosphate dehydrogenase used in 
these experiments contained 1$ of 6-phosphogluconic 
dehydrogenase.
(iii) Another possible explanation is that a transamination
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reaction occurs between labelled glutamic acid and the 
CX-ketoglutarate which is present in excess amounts in 
the reaction mixture; the glutamic acid formed by this 
reaction would not be labelled. Purification of glutamic 
dehydrogenase or of glucose-6-phosphate dehydrogenase 
may, therefore, eliminate the dilution of the specific 
activity. This has not yet been attempted, however, 
because sufficient time was not available to complete the 
work.
However, it is desirable to obtain more 
satisfactory results and this may be possible by the 
application of a different approach: by using tritiated
TPNH, the specific activity of which has been determined 
directly. Since the stereospecificity of dihydrofolic 
reductase is not known, it is necessary either to use 
TPNH labelled equally in both a and ß positions or to 
prepare both a-labelled and ß-labelled TPNH and test each 
separately. It should be possible to prepare these three 
types of tritiated TPNH by the following methods:
(a) TPNH labelled equally in & and ß para positions may 
be formed by the chemical reduction of TPN in the presence 
of tritiated water. However, the specific activity of the 
TPNH cannot be determined by direct counting, since it is 
extremely insoluble in scintillator solution even in the 
presence of hyamine.
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(b) a- and ß-labelled TPNH could be prepared by the 
following method:
Tritiated TPN could be prepared by the decomposition 
of the basic cyanide addition complex of TPN in the 
presence of tritiated water, in a manner similar to that 
described by San Pietro (1955) for the preparation of DPN 
containing deuterium at the para position. The specific 
activity of the tritiated TPN could be determined by 
direct counting and the amount estimated spectrophoto- 
metrically after conversion to TPNH.
The tritiated TPN could be reduced to TPNH by 
reaction with a dehydrogenase. ß-labelled TPNH would 
be formed by the isocitric dehydrogenase reaction:
L-isocitrate + TPN(t) - — GC-ke toglutarate +
C02 + TPNt
(8)
since isocitric dehydrogenase lias Ct-stereospe cif icity 
(Nakomoto and Vennesland, i960). Similarly, a-labelled 
TPNH would be formed by reduction of tritiated TPN with 
glutamic dehydrogenase (reaction 7)* which has 
ß-stereospe cificity.
By using d-labelled and ß-labelled TPNH it would 
also be possible to determine the stereospecificity of 
dihydro folic reductase.
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Summary
There was little incorporation of tritium from 
tritiated water into thymidylic acid when the thymidylate 
synthetase reaction was carried out in the presence of 
added dl(L)-tetrahydrofolate or in the presence of 
l(L)-tetrahydrofolate generated in the reaction mixture 
from dihydrofolate and diphosphopyridine nucleotide.
These findings are discussed with reference to the 
possible occurrence of exchange reactions which could 
explain the dilution of the specific activity of tritium 
during its transfer from tetrahydrofolate to thymidylate 
(Friedkin, 1959).
Tritium was incorporated into thymidylic acid when 
the latter was formed from deoxyuridylic acid and 5 t 10~  
methylene-tetrahydrofolate which had been generated from 
dihydrofolate and tritiated triphosphopyridine 
nucleotide in the presence of formaldehyde. Although the 
specific activity of the tritiated triphosphopyridine 
nucleotide has not been determined accurately, calculations 
based on the approximate value appear to indicate that no 
dilution of isotope occurs during transfer of tritium from 
triphosphopyridine nucleotide totetrahydrofolate and from 
tetrahydrofolate to thymidylic acid under the experimental
conditions
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CHAPTER VI
PIHYPROFQ LIC REDUCTASE FROM 
STREPTOCOCCUS FAECALIS R 
Introduction
Enzymes catalysing the reduction of folic acid 
and dihydro folic acid by reduced pyridine nucleotides 
have been partially purified from chicken liver 
(Futterman, 1957; Osborn and Huennekens, 1958; Zakrzewski 
and Nichol, 1958) and sheep liver (Peters and Greenberg, 
1958)* No such enzyme has previously been reported to be 
present in microorganisms, although a folic reductase 
requiring CoA and an electron donor such as serine, 
pyruvate or d-ketoglutarate has been partially purified 
from Clostridium sticklandii (Wright, Anderson and 
Herman, 1958)* The experiments reported in Chapter III 
indicated the probable presence of dihydrofolic reductase 
in extracts of Streptococcus faecalis R, and preliminary 
investigations confirmed the presence of this enzyme in 
the extracts. In further work, described in this Chapter, 
the enzyme has been extensively purified and some of its 
properties have been studied.
Expe riment al
Materials- Glucose-6-phosphate (crystalline barium salt), 
FMN and pCMBA were obtained from the Sigma Chemical Co. 
(St. Louis, Missouri, U.S.A.). FAD (90$ pure) was
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obtained from the California Corp. for Biochemical 
Research (Los Angeles, California, U.S.A.). 2-Deamino- 
folic acid was kindly supplied by Dr. D.J. Brown of The 
John Curtin School of Medical Research, Canberra, Australia, 
and N^°-methylfolic acid and pteroyltriglutamate by 
Dr. T.H. Jukes of Lederle Laboratories, New York, U.S.A.
Most preparations of folate-H^ were made by the 
method of Putterman (1957) from commercial folic acid 
purified as described by Blakley (1957a). In later 
experiments crystalline folate-H^ was prepared by a 
modification of the method of Futterman (Blakley, 1960c). 
Solutions were prepared as described in Chapter III. 
Spectrophotometrie results were obtained with a Beckman 
DK2 ratio recording spectrophotometer using constant 
temperature cells maintained at 25° •
Protein concentration was measured by the method of Lowry, 
Rosebrough, Farr and Randall (1951)*
Preparation of the extract- The extract was prepared from 
Strep, faecalis R (ATCC 8043)* The details of the methods 
used for the maintenance of the organism and the growth 
of the cells are described in Chapter II. After the cells 
had been harvested they were washed with 0.01 M phosphate 
buffer, pH 7*4, containing mM EDTA and resuspended in 
this solution for disruption in the Raytheon sonic 
oscillator as described in Chapter II.
Other materials and experimental methods were the
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same as previously described.
Method of enzyme assay- The assay for dihydrofolic 
reductase was carried out by a method similar to that of 
Osborn and Huennekens (1958)# and depended on determination 
of the rate of decrease in the extinction at 3^0 mM> when 
folate-Hg and TPNH were incubated with the enzyme. The 
standard system contained 0,05 M phosphate buffer, pH 6,3» 
O.O67 mM folate-H^, O.O67 mM TPNH, 2.5 mM dimercapto- 
propanol and enzyme in a total, volume of 3 ml. The 
temperature of incubation was 25° and the reference cell 
contained water. 2,3-I>imercaptopropanol was used instead 
of 2-mercaptoethanol (Osborn and Huennekens, 1958) because 
it is more efficient than 2-mercaptoethanol in protecting 
folate-H^ from oxidative decomposition (Blakley, 1960a),
Result s
The effect of components on the enzyme system- The 
results of these studies are shown in Table VI.1. Decrease 
in extinction at 3^0 m|Jt in the absence of TPNH, folate-H^ 
or enzyme is very small. Similar results were obtained 
with crude extracts so that the assay was applicable at 
all stages during the purification of the enzyme.
Purification- The purification of a typical preparation 
of the bacterial extract was as follows: The extract,
volume 70 - 75 ml, containing 19 - 26 mg. of protein per 
ml. and having a specific activity of 10 - 33 rajimoles of 
folate—Hg reduced per min. per mg. , was applied to a
Table VI. 1. Effect of components of the enzyme
system on dihydro folic reductase activity
Folate-H2 reduced 
miimoles/min.
Complete system 28.9
Less TPNH 1.5
Less folate-Ii2 0.7
Less enzyme 1.3
Le s s TPNH, DPNH added 2.6
Less TPNH and folate-Ii9,
DPNH added 0.7
The complete system was as described in the Experimental 
section and contained 2 ml. of extract (less than 10 jig 
of protein). 0.067 mM DPNH was added, instead of TPNH
where indicated
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TEAE cellulose column (ll x 3 cm*) which had been 
equilibrated with 0*01 M potassium phosphate buffer, 
pH containing mM EDTA. All buffer solutions
subsequently used in the purification contained mM EDTA 
in the absence of which the enzyme was unstable. The 
column was then washed with 0,01 M phosphate buffer, 
pH 7*3» and a measure of the protein in the effluent 
obtained by determining the extinction at 280 mji. When 
the extinction had decreased to approx. 0.8, the buffer 
was changed to 0.05 M phosphate, pH 7*3* Elution with 
this buffer was continued until the extinction of the 
effluent had fallen to 0.08; the column was washed with a 
further 500 ml. of the same buffer. The reductase was 
eluted with 1000 ml. of 0.1 M potassium phosphate buffer, 
pH 7*3> and the eluate was dialysed overnight against two 
changes of 3000 ml. of 0.01 M sodium acetate. (The 
solution of 0.01 M sodium acetate and mM EDTA was at 
approx. pH 7)* The dialysed extract was cautiously 
adjusted to pH 5*3 with 5 N acetic acid and applied to a 
TEAE cellulose column (ll x 3 cm.) which had been 
equilibrated with 0.01 M sodium acetate buffer, pH 5*3*
The column was washed with 250 ml. of the same solution 
and this was followed by 250 ml. of 0.05 M sodium acetate 
buffer, pH 5*3* The reductase was eluted with 500 ml. of 
0.1 M sodium acetate buffer, pH 5*3» and the effluents were
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collected in five 100 ml. fractions. These five fractions 
were each adjusted to pH 7» dialysed overnight against 
0.01 M potassium phosphate buffer, pH 7 * 3» and the specific 
activities determined. The details of the purification 
procedure for a typical preparation are recorded in 
Table VI.2.
Formation of folate-H^- With a purified extract it was
possible to demonstrate that the ultraviolet absorption
spectrum of folate-H^ was changed to the characteristic
spectrum for folate-H^ at the end of the reaction (Fig.
VI.l). TPNH was kept fully reduced in both sample and
reference cells by the glucose-6-phosphate dehydrogenase
system. The values of X and the molecular extinctionmax
of the folate-H^ produced in the dihydrofolic reductase 
system agree closely with those obtained for dl(L)- 
folate-H^ produced non-enzymically (Blakley, 1960b).
Since folate-H^ has a lower extinction at 340 m|i than 
folate-H^ (Fig. VI.l), the decrease in extinction at 
340 mh produced in the standard assay system by dihydrofolic 
reductase is the sum of that due to the conversion of 
folate-H^ to folate-H^ and to the oxidation of TPNH. Under 
the experimental conditions reduction of folate-H^ 
contributed a decrease of 0.36 in the extinction at 340 m|i. 
Effect of pH- The variation of the activity of dihydrofolic 
reductase with pH is shown in Fig. VI.2. The activity
Table VI,2» Purification of dihydrofolic reductase
Fraction Proteinmg.
Specific activity 
mM-moles folate-H0
reduced per min. 
per mg. protein
Recovery
*
Sonicate 1943 12 (100)
Eluate from
first column 62 * 8 231 62
Eluates from
second column:
Fraction 1 1.03 4650 21
2 0.90 3260 13
3 0.64 1775 5
4 0.62 920 2
5 0.70 160 0.5
300  3 '
WAVELENGTH (Mp)
Fi#;. VI, 1» Conversion of folate-H^ to folate-H^ by 
dihydrofolic reductase* The reaction mixture contained 
in a to ta l volume of 3 ml« 50  mM potassium phosphate 
buffer, pK 6.1, 5 mM dimercaptopropanol, 0*1 mg. of 
glucose-6~phosphate dehydrogenase, 3*3 mM glucose-6- 
phosphate, O.O67 mM TPNH, O.O67 mM folate-K^ and 20 p.g 
of enzyme* The reference cell contained the same 
components with the exception of folate-H^. The spectrum 
was examined before the addition of TPNH to the cells and 
again when the reaction was completed* A, in i t ia l
spectrum; B, final spectrum
z
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Fi/?» VI.2. Effect of pH on dihydro folic reductase. The 
reaction mixture contained in a total volume of 3 ml*,
2.5 mM dimer cap toproppjiol, 0.06? niM TPNH, 0.067 mM 
folate-Hof 4.8 |ig of enzyme and 50 mM buffer:
0, sodium acetate buffer; •, potassium phosphate buffer.
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showed an optimum at pH 6.7 and fell to about half the 
optimum value at pH 5»3 and at pH 8.
Relationship between enzyme activity and amount of 
protein"- The relationship between dihydrofolic reductase 
activity and the amount of protein added to the system is 
shown in Fig. VI.3. The activity was proportional to the 
amount of protein up to 5 Pg» the greatest amount tested.
Time Course of the reaction- In the absence of TPNH 
(Fig. VI.4a ), or of folate-H2 (Fig. VI.4B) from the 
complete system there was a slow rate of decrease in the 
extinction at 340 mp. When the complete system was incubated, 
however, the rate of decrease of the extinction at 340 mp 
was rapid at first but diminished until it became zero 
(Fig. VI.4). Addition of folate-H2 (Fig. VI.4C) or TPNH 
(Fig. VI.4D) at this point produced only a very slow decrease 
in extinction at 340 mp, similar to that obtained when 
folate-H0 or TPNH were incubated singly with the enzyme 
(Fig. VI.4a and B). This indicated that the reaction had 
reached completion and that equimolar amounts of TPNH and 
folate-H^ had reacted. Since the total change in extinction 
at 340 mp under the experimental conditions was 0.775» and 
since 200 mpmoles of each substrate were present, a decrease 
of 0.01 in the extinction at 340 mp corresponded to the 
reaction of 2.58 mUmoles of folate-H2 and of TPNH.
Reversal of dihydrofolic reductase reaction- Two methods
PROTEIN ADDED (pG)
Fig» VT.» 3. Relationship between amount of protein and 
dihydrofolic reductase activity. The standard assay 
system contained the amounts of protein indicated.
TIME (MIN.)
Fi#» VI•4» Time course of the dihydrofolic reductase 
reaction* The standard assay system contained 2 ml. of 
enzyme solution (protein concentration less than 10 Ug/ml*}. 
A , TPNH omitted; B, folate-H^ omitted, TPNH concentration 
0.05 mM; C, 0.2 {imoles of folate-H^ added; D, 0.15 iimoles
of TPNH added
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were used in an attempt to detect the reverse reaction 
which would produce folate-H^ and TPNH from folate— 
and TPN. After the forward dihydro folic reductase reaction 
in the standard system, containing sufficient enzyme to 
produce initially 66.5 mjimoles of folate-H^ per min# 9 had 
reached completion (as in Fig. VI.4) TPN was added to give 
a concentration of 0.5 niM. No increase in extinction at 
340 mfi occurred on 25 min. further incubation, however, 
indicating that the reaction was not reversible. To 
confirm this result, chemically prepared dl(L)-folate-H^ 
was incubated with dihydrofolic reductase in several 
different buffers, viz., 0.05 M concentrations of 
potassium phosphate, pH 6.7* tris(hydroxymethyl)amino- 
methane-maleic acid, pH 6*4, and imidazole, pH 6.0. Since 
folate-H^ is readily oxidized, formation of folate-^ by 
oxidants other than TPN was excluded from influencing the 
results of this experiment by having all the components 
except TPN in the reference cell. There was no significant 
increase in the extinction at 340 m|i> confirming the above 
result.
Specificity for TPNH- The effect on dihydrofolic reductase 
activity of replacing TPNH with DPNH is shown in Table VI.1. 
The rate of reaction in the presence of DPNH was only 
slightly greater than the blank value obtained in the
absence of TPNH and DPNH. Dihydrofolic reductase therefore
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appears to be specific for TPNH. The K value obtainedm
for TPNIi by a Lin ewe aver-Burk plot of the reciprocal of 
the velocity against the reciprocal of TPNH concentration 
was 4.6 x 10“ 5 M.
Specificity for folate-H^- When folate-K2 was replaced
by folate in the standard system there was no detectable
change in the extinction at 340 mf!. Folic acid was
tested also with DPNH instead of TPNH but again there
was no detectable reaction. However, dihydropteroyl-
triglutamic acid was reduced by TPNH in the presence of
the enzyme. The for folate—H^, as calculated from the
Lineweaver-Burk plot shown in Fig. VI.6, was 4.0 x io“6 M.
A similar Lineweaver-Burk plot for dihydropteroyl-
triglutamic acid was also linear and the K calculatedm
was 4.0 x 10“  ^M.
Effept of pteridines related to folate-H„ on dihvdrofolic 
reductase- Aminopterin has been reported to be a strong, 
non-competitive inhibitor of dihydrofolic reductase 
(Futterman, 19571 Osborn, Freeman and Huennekens, 1958). 
With the enzyme used in these experiments, it was necessary 
to preincubate the enzyme with aminopterin to obtain the 
maximum inhibitory effect (Fig. VI.5). If no period of 
preincubation was allowed, the Lineweaver-Burk plots 
obtained in the presence of the inhibitor were intermediate 
between those typical of competitive inhibition and those
TIME (MIN.)
Fif»;. VI« 5» The effect of preincubation on inhibition of 
dihydro folic reductase by aminopterin. The standard assay
system was used and contained 8 |!g of enzyme protein.
—8A, no inhibitor; B, 10*" M aminopterin added at zero
—8time; C, 10~ M aminopterin preincubated with the enzyme 
system for 10 min. in the absence of TPNH and folate-H^ 
which were added to start the reaction.
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typical, of non-competitive inhibition. However, when 
aminopterin was preincubated for 10 min. with enzyme, 
buffer and dimer cap to pro pain ol before adding TPNH and 
folate-H2 , the results were characteristic of non­
competitive inhibition (Fig. VI.6). The K.. was 
calculated at two different concentrations of aminopterin:
using 2.65 x lo“9 M aminopterin the was 2,91 x 10 9 M
—o -9and with 5 x 10 M aminopterin the was 1,96 x 10 M,
—9giving a mean value of 2.4 x 10 ' M.
2—Deaminofolic acid had no effect on reductase
activity. Folic acid and N^-me thylfolic acid both
inhibited the reductase (Table VI. 3* Expt. l), although
the concentrations necessary to cause 60 - 80$ inhibition
were about 10 times higher than the concentration of
aminopterin required. Folic acid produced about half as
10much inhibition as N -methylfolic acid at a similar 
c one entration•
Effect of sulphydryl reagents- To examine the effect of 
sulphydryi reagents on the reductase system it was 
necessary to omit dlmercaptopropanol from the enzyme 
system and to remove EDTA from the enzyme preparation by 
dialysis overnight against phosphate buffer. For these 
experiments folate-H0 was dissolved in 0.1 M phosphate 
buffer, pH 7*^# immediately before use. The effect of 
pCMBA is shown in Table VI.3 (Expt. 2), a final
HFig, VI,6. The inhibition of dihydrofolic reductase by
aminopterin. The reaction mixture containing 2,3 l-tg of
enzyme was the standard system except for the
concentration of folate-H0 which was varied as shown,
4where S is 3*75 x 10 x the molar folate-H^ concentration
and V is 1*59 x mfimoles folate-H0 reduced/min*
-9 x- -9A, 5 x 10 M aminopterin; B, 2,65 x 10 M aminopterin;
C, no aminopterin.
Table VI.3* Effect on dihydrofolic reductase of
pteridines and sulphydryl reagents
Expt * Additions Folate-H^ reduced 
mfimoles/min.
1 None 10
Folic acid (o.l niM) 4
N"* °-methylfolate (0.1 mM) 2
-methylfolate (0.03 mM) 3
2 None 54
pCMBA (0.33 mM) 28
pCMBA (0.33 mM), 
dimercaptopropanol (0.17 mM) 52
3 None 35
Sodium arsenite (10 mM) 41
The standard enzyme system was vised with 2.3 M-g of 
enzyme in Expt. 1, 10 jig in Expt • 2, 11 fig in Expt. 3, 
but in Expts« 2 and 3 no dimercaptopropanol was present 
in the reaction mixture and the extract was dialysed 
against 0*01 M potassium phosphate buffer, pH 7*3# to 
remove EDTA. In Expts. 1 and 3» the reaction mixture 
(with the exception of folate-H^ but including inhibitor) 
was preincubated for 10 min. and the reaction then 
started by the addition of folate-H^.
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concentration of 0*33 niM causing approx. 50$ inhibition.
When an attempt was made to test the ability of 
dimercaptopropanol to reverse the inhibition produced by 
pCMBA, it was found that under certain conditions 
dimercaptopropanol reacted non-enzymically with pCMBA 
causing the extinction at 3^0 m|i to increase rapidly.
This was demonstrated by the following experiment: the
extinction at 3^0 of 0.33 mM pCMBA in 0.05 M phosphate 
buffer, pH 6.3» was 0.03* On the addition of dimercapto- 
propanol to give a concentration of 0.1 mM, the extinction 
increased rapidly (0.05 per min.). This was found to be 
due to reaction between dimercaptopropanol and pCMBA to 
produce a change in the spectrum of pCMBA similar to 
that produced by other sulphydryl compounds (Boyer, 195^)» 
except that the spectrum curve exhibited a "tail” of low 
absorption extending into the near ultra-violet region.
When the concentration of dimercaptopropanol was 
increased to 0.17 inM the increase in extinction ceased 
and higher concentrations of dimer captoproj^anol diminished 
the extinction at 3^0 m|l. If, to a 0.33 mM solution of 
pCMBA, dimercaptopropanol was added to give a final 
concentration of 0.17 mM or higher, then there was no 
change in the extinction from the reading of 0.03* In 
such cases when more than 0.5 moles of dimer captopropanol 
were added per mole of pCMBA, the change in spectrum of
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the latter was similar to that produced by monosulphydryl 
compounds (Boyer, 1954), which accounts for the fact that 
the extinction at 340 m|i did not increase under these 
conditions* The anomalous behaviour observed when less 
than 0*5 moles of dimercaptopropanol were present per 
mole of pCMBA may perhaps be attributed to combination 
of two molecules of pCMBA with each molecule of 
dimercaptopropanol under these conditions. It may be 
assumed that as the relative concentration of 
diniere apt opr opanol is increased the 1:2 compound is 
converted to the 1:1 compound. No anomalies were 
observed when reduced glutathione was added to solutions 
of pCMBA. If the concentration of dimercaptopropanol was 
at least naif that ol pCMBA the anomalous reaction did 
not interfere with observations on dihydrofolic reductase 
by the spectrophotometric method. Under these conditions 
the inhibition of reductase caused by 0.33 mM pCMBA was 
completely reversed by 0.17 mM dimercaptopropanol (Table 
VI.3, Expt. 2).
Preincubation of the enzyme with 10 mM sodium 
arsenite in the presence of TPNH had no significant effect 
on the activity of the reductase preparation (Table VI.3, 
Expt• 3).
Effect of FAD and FMN- Since it has been claimed that 
flavins may be components of folic reductase (Braganza
and Kenkare, 1959)» an investigation was made into the 
effect of adding lo"'* M FAD or IO*"'* M FMN to the enzyme, 
either with the substrates or 10 min, before the addition 
of the substrates. Neither FAD nor FMN produced 
significant stimulation with enzyme as normally prepared, 
enzyme treated with charcoal for 20 hr, at neutral pH or 
enzyme treated with charcoal for 20 min, at pH 4.
Effect of heat- It was noted that the boiled enzyme 
control of dihydrofolic reductase retained a variable, 
but significant amount of its original activity. The 
effect of heat on reductase was therefore investigated 
in more detail. As shown in Fig. VI,7* the initial 
decrease in activity at 100° is fairly rapid until it 
falls to approx. 25$ of the original activity and 
thereafter the rate of inactivation is much slower.
Several experiments were performed to demonstrate 
that the apparent activity after heating is due to residual 
reductase activity. It was found that the activity after 
heating is not removed by dialysis and that the reaction 
catalysed by this residual activity is inhibited by 
aminopterin. Both folate-H^ and TPNH are required for 
activity (Table VI.4) and during the reaction the spectrum 
changes from that of folate-H^ to that of folate-H^. 
Incubation of the heated extract with trypsin destroys 
its activity. Thus, 8 jig of extract which had been
40
TIME (MIN.)
Fig* VI,7» Effect of heat on activity of reductase in 
the presence and absence of glutathione* The standard 
assay was used.
• —. • Extract containing 18 M-g of protein was heated
at 100°.
+ — — + Extract containing 8 |ig of protein was heated
at 100° in the presence of 18 mM glutathione
Table VI«h ♦ Requirements for activity of
the heated enzyme
Folate-H^ reduced 
mM-moles/min.
Complete system 6.7 
Less TPNH 1.3 
Less folate-K0 0.5 
Less extract 1.3
The standard assay system was used, except where 
indicated, with 2 ml. of extract (protein was too 
dilute to measure). The extract had been heated in 
a boiling water bath for 2 min.
heated in the presence of 18 mM glutathione for 10 min. 
reduced 24 mM-moles of folate-H^ per min. After being 
incubated with trypsin for 90 min. at 37°» however, the 
activity decreased to 1*8 mjiraoles of folate-H^ reduced 
per min.
The time course of the reaction with the heated 
extract differed slightly from the normal, which, during 
the initial part of the reaction is a straight line (see 
Fig. VI.4); the heated reductase exhibited an 
acceleration of rate during the first few minutes and 
this suggested that a component of the reaction mixture 
might be reactivating the enzyme. The compound in the 
reaction mixture considered most likely to cause this 
effect was dimercaptopropanol, which might act by reducing 
sulphydryl groups. As expected, it was found that 
dimercaptopropanol and glutathione conferred considerable 
stability on the enzyme when present during the heat 
treatment and were more effective than ascorbate (Table 
VI.5).
A study of the effect of various periods of heating 
in the presence of 18 mM glutathione is shown in Fig. VI.7* 
Approx. 30$ of the activity remained after heating for 
80 min. at 100°. The reason for the increase in activity 
between 3 and 10 min. heating is not known, although it 
perhaps represents rearrangement of the molecule to a more
Table VI« 5. Comparison of the stabilising effects
of dimercaptopropanol, glutathione and ascorbate 
on reductase during beat treatment
Folate-H^ reduced 
mfimoles/min.
Unheated 53
Heated in presence of:
Dimercaptopropanol 7*5 mM 25
11.25 mM 29
Glutathione 8 mM 33
22*5 mM 3U
Ascorbate 7*5 mM 8
The standard assay system was used except that no 
additional dimercaptopropanol was added when the 
extract had been heated with dimercaptopropanol. The 
extract contained 10«3 ßg of protein* Samples of the 
extract were heated in a boiling- water-bath for 10 min* 
in the presence of the substances indicated above. The 
control with no enzyme showed an apparent reduction of 
1*8 mjimoles of folate~H0 per min* The results reported 
above have been corrected for this blank*
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stable, though less active, configuration. The presence 
of the substrates, TPNH and folate— further increased 
the stability of the enzyme to heat.
This unusual stability of dihydrofolic reductase to 
heat allows concentration of the purified enzyme, 
containing glutathione, by evaporation in vacuo (about 
10 mm pressure) with a stream of nitrogen blowing onto 
the surface of the liquid. In this way 100 ml. can be 
evaporated per hour at approx. 10° with negligible loss 
in activity. The evaporation of the solution iri vacuo 
in the conventional distillation apparatus caused almost 
complete loss of activity, due to surface denaturation. 
Effect of trichloracetic acid on reductase activity- In 
addition to exhibiting a remarkable degree of heat 
stability, the enzyme is also relatively stable to 
trichloracetic acid and to low pH as shown by the results 
recorded in Table VI.6.
Dis cus sion
The experiments reported here demonstrate that 
dihydrofolic reductase occurs in Strep, faecalis R where 
it is present in much greater amounts than in chicken 
liver (cf. Osborn and Huennekens, 1958). Furthermore, 
in the presence of mM EDTA the dihydrofolic reductase 
of bacterial extracts lost little activity over a period 
of several weeks whereas it was found that enzyme
Table VI,6. Effects of trichloracetic acid on
reductase activity
Folate-H^ reduced 
mfimoles/min.
Untreated extract 41
Extract treated with
trichloracetic acid 8.8
The standard assay system was used with extracts 
containing 10.3 M-g of protein. To the extract 
trichloracetic acid, final concentration 7$> was added. 
The solution was then neutralised and dialysed against 
0.01 M potassium phosphate buffer, pH 7*3# containing
0.001 M EDTA.
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prepared from chicken liver according to Osborn and 
Huennekens (1958) lost activity very rapidly. The 
stability of the enzyme from bacteria lias enabled a 
much greater purification to be achieved than that 
reported for the chicken liver enzyme.
This is the first direct demonstration in bacteria 
of the participation of pyridine nucleotide-linked 
enzymes in the reduction of folic acid to its metabolically 
active tetrahydro form, although the results of Nichol and 
Welch (1950) permit such an inference. So far no pyridine 
nucleotide-linked enzyme capable of reducing folic acid to 
dihydrofolic acid has been isolated from bacteria, although 
a more complex enzyme system reducing folic acid to 
folate-M0 has been reported to occur in Clostridia 
(Wright et al,t 1958),
As in the case of dihydrofolic reductase from 
chicken liver (Putterman, 1957; Osborn et al•, 1958), it 
was found that aminopterin is a strong, non-competitive 
inhibitor of bacterial dihydrofolic reductase. The 
inhibition by aminopterin develops progressively with 
incubation, approx, 10 min* being required for the 
inhibited reaction to reach a steady rate. If no period 
of preincubation of aminopterin and enzyme is allowed, 
the type of inhibition is intermediate between 
competitive and non-competitive, but after preincubation,
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the inhibition is non-competitive. These observations 
suggest that the initial enzyme-aminopterin complex 
undergoes a fairly slow, irreversible change to a product
which is also inactive. For the effect of aminopterin on
—9dihydrofolic reductase the value of , 2,4 x 10 M, is 
approx, the same as that found for the reductase prepared 
from chicken liver (Osborn et al., 1958)* Aminopterin 
strongly inhibits the growth of Strep. faecalis (Seeger, 
Smith and Hultquist, 1947) as well as other bacterial 
species (Säuberlich, 1949» Franklin, Stokstad, Hoffman, 
Belt and Jukes, 1949) and it now seems probable that such 
inhibition is due to the effect of aminopterin on the 
activity of dihydrofolic reductase.
Conflicting results have been reported regarding 
the specificity of the dihydrofolic reductase of chicken 
liver. Osborn and Huennekens (1958) reported that their 
preparation did not reduce folic acid. Zakrzewski (i960), 
however, prepared an extract from chicken liver that 
reduced folic acid as well as folate-K^, although folic 
acid was reduced only at one twentieth of the rate 
obtained with folate-H^. The ratio of the activities 
remained constant during purification procedures and he 
suggested that a single enzyme catalysed the reduction 
of both substrates. Futterman (1957) also obtained an 
extract from chicken liver that could reduce either
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folic acid or folate-H^ to folate—H^. However, TPNH 
was required for the reduction of folic acid, while 
folate-H0 was reduced by either TPNH or DPNH, suggesting 
that two different enzyme systems were involved. The 
dihydrofolic reductase of Strep. faecalis does not reduce 
folic acid at a detectable rate in the presence of either 
DPNH or TPNH. The dihydrofolic reductase of Strep. 
faecalis appeared to be specific for TPNH; no detectable 
reduction occurred with DPNH.
In contrast to the findings of Osborn and 
Huennekens (1958) with chicken liver, the reverse reaction 
could not be demonstrated with the dihydrofolic reductase 
of Strep, faecalis. Because of the ease with which 
non-enzymic oxidation of folate-H^ occurs, the 
spectrophotonietric method used by Osborn and Huennekens 
is not suitable for detecting slow enzymic oxidation of 
folate-H^ by TPN. Since few experimental details are 
given by Osborn and Huennekens it is not possible to 
compare the rate of non-enzymic oxidation of folate-H^ 
occurring in their experiment with that which they 
attributed to reversal of the dihydrofolic reductase 
reaction, and it seems desirable that their result 
should be checked by a more sensitive method such as 
one involving the use of isotopes*
The stability of dihydrofolic reductase to heat
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places it in a class of rather unusual enzymes. Other 
heat stable enzymes include crystalline ribonuclease 
(Kunitz, 1940), lysozyme purified from egg white 
(Alderton, Ward and Fevold, 1945) and acetyl phosphatase 
in muscle extracts (Lipman, 1946). All these enzymes are 
more stable at acid pH and the stability of ribonuclease 
to heat is a maximum in the range pH 2 - 4.5* The pH 
optimum of heat stability for dihydrofolic reductase 
has not been determined and the experiments reported 
were performed at pH 7*3« The molecular weights of 
ribonuclease and lysozyme are approximately 15,000 so 
that a low molecular weight may be a necessary property 
of heat stable enzymes. The molecular weight of 
dihydrofolic reductase is not known, although its rapid 
diffusion during preliminary electrophoretic experiments 
suggests that it is low. Glutathione, mercaptopropanol 
and ascorbate protect dihydrofolic reductase from 
inactivation by heat, glutathione being the most effective. 
Since these compounds are reducing agents it is probable 
that they prevent oxidative denaturation of the enzyme 
protein, which would be accelerated at high temperatures.
Summary
Dihydrofolic reductase, which catalyses the 
reduction of dihydrofolic acid to tetrahydrofolic acid by 
reduced triphosphopyridine nucleotide, has been isolated
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from Strep, faecalis R, purified approx* 300-fold and 
its properties studied* The reaction was followed 
spectrophotometrically by measuring the decrease in 
extinction at 340 m{i.
The reductase is specific for reduced triphospho-
pyridine nucleotide and the K for the latter is 4*6 xm
-  510 M* It also reduces dihydropteroyltriglutamate, but
not folate. The values for dihydrofolic acid and
—6dihydropteroyltriglutamic acid are 4*0 x 10 M and 
4*0 x 10 " M, respectively. The reaction proceeds to 
completion and the reverse reaction could not be detected. 
Aminopterin inhibits the enzyme non-competitively
„ Qand the value of the K.. is 2*4 x 10 M* Folate and 
N*°-methylfolate are also inhibitors, but produce much 
weaker inhibition than that of aminopterin. The enzyme is 
inhibited by p-chloromercuribenzoate and this inhibition 
is reversed by dimercaptopropanol• Arsenite does not 
inhibit.
The activity of dihydrofolic reductase was not 
stimulated by flavin nucleotides, either before or after 
charcoal treatment of the enzyme.
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